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Critique of Ground Wire Theory 


BY L. V. BEWLEY* 


Associate, A. I. E. E. 


Synopsis.—The paper consists of three parts, I—Induced 
Potentials, II—Direct Hits, and III—Other Effects. The work 
of previous investigators is briefly reviewed, and the limitations of 
their premises pointed out. Under Part I a generalized theory of 
ideal ground wires is offered, which takes into account the law of 
cloud discharge, the distribution of bownd charge, and the formation 
of traveling waves. It is found that the protective ratio is inde- 
pendent of these factors. A more extensive theory taking the addi- 
tional factors of successive reflections and tower resistance into 
account is then developed. Part II discusses the probability of a 
line’s being hit, and applies a method for computing the effect of 
successive reflections to the calculation of potentials on the line 
and ground wires. Curves of these potentials at successive towers, 


and as functions of tower resistances and of time, are given. Part 
III discusses the effect of grownd wires on attenuation, telephone 
interference, zero phase sequence reactance, corona, and the reduction 
in surge tmpedance due to the introduction of extra ground wires. 
There are three mathematical appendixes. In Appendix I, 
Mazwell’s electrostatic and electromagnetic coefficients are re- 
viewed, and the theory of traveling waves on any number of parallel 
wires is developed, including the behavior of these waves at rather 
general transition points. While this extension to the theory of 
traveling waves was developed incidental to the study of ground 
wire theory, it is believed to be of considerable interest and value 
on its own account. Appendixes II and ITI are the mathematical 
analyses corresponding to Parts I and II respectively. 


INTRODUCTION 


HE purpose of this paper is to extend and general- 
ize the theory of ground wires, with respect to 
both induced and direct strokes, and to give a 

résumé of all the pertinent data which, in the opinion 
and experience of the author, represent the present 
status of knowledge on the subject. It is recognized, 
of course, that the facts available to the author cannot 
even approximately include all of the worth while 
information on ground wires, nor is his judgment 
infallible. However, in light of the present intense 
interest in ground wires, it seems advisable to present 
the ideas contained herein. This study is part of a 
coordinated investigation of lightning which has been 
under way for a number of years under the general 
direction of F. W. Peek, Jr. 

The paper is divided into three major parts: I, 
Induced Potentials, II, Direct Hits, and III, Other 
Effects. The mathematical analysis is confined to the 
Appendixes, and only such equations are included in the 
text as are necessary to insure continuity of treatment 
and clarity of understanding. Incidentally, there is 
given in Appendix I a treatment of the characteristics 
and behavior of traveling waves on any number of 
mutually coupled parallel wires terminating in general 
impedances, including other outgoing lines. 


‘I. INDUCED POTENTIALS 


Review of Previous Investigations. When a charged 
cloud approaches a transmission line, charges of opposite 
sign leak over the insulators, or migrate from the line 
terminals, and appear on the line and ground wires as 
bound charges fixed in position by the electrostatic 
field of the cloud, Fig. la. The distribution f (x) of 
any bound charge is proportional to the electric field G, 
but the actual magnitudes of charge on the several 
conductors depend upon their size, heights, and ar- 
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rangements. These geometric factors are uniquely 
accounted for by Maxwell’s coefficients, as described in 
Appendix I. Now when the field collapses according 
to some law F (t) of cloud discharge, the bound charges 
on the line and ground wires are released and form pairs 
of traveling waves moving in opposite directions away 
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(a) Before cloud discharge 
(b) During cloud discharge 


from the center of disturbance, as shown in Fig. 1b. The 
process and mathematical laws by which these waves 
form and develop have been given in a previous paper.! 
The waves which originated on the ground wires reach 
the tower where they suffer partial reflections and 
refractions, the extent of which depends upon the 
relative values of the surge impedances of the circuits 
and the tower resistance. However, unless the cloud 


1. For references see bibliography. 


TABLE OF CONTENTS (continued) 


Power Transformer Noise Its Characteristics and The Ohio Falls Hydroelectric Station at Louis- 
Reduction, by Robert B. George........... 347 ville, Kentucky, by R. M. Stanley and 
DISCUSSION sac fs ce ee Oe 352 E:-D. Wood: .7 see eee een 
Governor Performance During System Dis- Discussion... 4... Soa eee tees 
turbanees, by R. C. Buell, R. J. Caughey, The Application of Hydrogen Cooling to Turbine 

E. M. Hunter and V. M. Marquis.......... 354 Generators, by, Me DiiRossmemmeiins 2 one o> 
Discussion? 0; 24. ence one eee ee ees 367 Discussion ...... ¢ eee cee ae os cay < 

PREFACE 


This issue of the Quarterly TRANSACTIONS, which is Part 1 of Volume 50, 
is dated March 1931 in accordance with a recently adopted change in publi- 
cation dates. Hereafter the four parts of the TRANSACTIONS will be issued in 
March, June, September, and December, instead of January, April, July, and 
October as formerly. This change was made necessary because the publica- 
tion work in connection with the Winter Convention has increased to an 
extent which seriously interferes with the publication of the TRANSACTIONS in 
January. 

This volume contains the papers and discussions presented at the Pacific 
Coast Convention at Portland, Oregon, September 2-5, 1930, the Middle 
Eastern District Meeting at Philadelphia, Pa., October 13-15, 1930, and at the 
Southern District Meeting at Louisville, Kentucky, November 19-22, 1930. 

A table of contents appears in the front of the book and an authors’ index 
of papers in the back. The complete alphabetical subject and authors’ index 
for the year will be printed in the December Quarterly. 


Critique of Ground Wire Theory 


BY L. V. BEWLEY* 


Associate, A. I. E. E. 


Synopsis.—The paper consists of three parts, I—Induced 
Potentials, II—Dtrect Hits, and III—Other Effects. The work 
of previous investigators is briefly reviewed, and the limitations of 
their premises pointed out. Under Part I a generalized theory of 
ideal ground wires is offered, which takes into account the law of 
cloud discharge, the distribution of bound charge, and the formation 
of traveling waves. It is found that the protective ratio is inde- 
pendent of these factors. A more extensive theory taking the addi- 
tional factors of successive reflections and tower resistance into 
account is then developed. Part II discusses the probability of a 
line’s being hit, and applies a method for computing the effect of 
successive reflections to the calculation of potentials on the line 
and ground wires. Curves of these potentials at successive towers, 


and as functions of tower resistances and of time, are given. Part 
III discusses the effect of ground wires on attenuation, telephone 
interference, zero phase sequence reactance, corona, and the reduction 
in surge impedance due to the introduction of extra ground wires. 
There are three mathematical appendixes. In Appendix I, 
Mazxwell’s electrostatic and electromagnetic coefficients are re- 
viewed, and the theory of traveling waves on any number of parallel 
wires is developed, including the behavior of these waves at rather 
general transition points. While this extension to the theory of 
traveling waves was developed incidental to the study of ground 
wire theory, it is believed to be of considerable interest and value 
on its own account. Appendixes II and III are the mathematical 
analyses corresponding to Parts I and II respectively. 


INTRODUCTION 


HE purpose of this paper is to extend and general- 
ize the theory of ground wires, with respect to 
both induced and direct strokes, and to give a 

résumé of all the pertinent data which, in the opinion 
and experience of the author, represent the present 
status of knowledge on the subject. It is recognized, 
of course, that the facts available to the author cannot 
even approximately include all of the worth while 
information on ground wires, nor is his judgment 
infallible. However, in light of the present intense 
interest in ground wires, it seems advisable to present 
the ideas contained herein. This study is part of a 
coordinated investigation of lightning which has been 
under way for a number of years under the general 
direction of F. W. Peek, Jr. 

The paper is divided into three major parts: I, 
Induced Potentials, II, Direct Hits, and III, Other 
Effects. The mathematical analysis is confined to the 
Appendixes, and only such equations are included in the 
text as are necessary to insure continuity of treatment 
and clarity of understanding. Incidentally, there is 
given in Appendix I a treatment of the characteristics 
and behavior of traveling waves on any number of 
mutually coupled parallel wires terminating in general 
impedances, including other outgoing lines. 


‘J. INDUCED POTENTIALS 


Review of Previous Investigations. When a charged 
cloud approaches a transmission line, charges of opposite 
sign leak over the insulators, or migrate from the line 
terminals, and appear on the line and ground wires as 
bound charges fixed in position by the electrostatic 
field of the cloud, Fig. la. The distribution f (x) of 
any bound charge is proportional to the electric field G, 
but the actual magnitudes of charge on the several 
conductors depend upon their size, heights, and ar- 


*General Transformer Engg. Dept., General Electric Co., 


Pittsfield, Mass. 
Presented at the Pacific Coast Convention of the A. I. E. E., 
Portland, Oregon, Sept.:2-5, 1930 


30-145 


rangements. These geometric factors are uniquely 
accounted for by Maxwell’s coefficients, as described in 
Appendix I. Now when the field collapses according 
to some law F (t) of cloud discharge, the bound charges 
on the line and ground wires are released and form pairs 
of traveling waves moving in opposite directions away 
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from the center of disturbance, as shown in Fig. 1b. The 
process and mathematical laws by which these waves 
form and develop have been given in a previous paper.! 
The waves which originated on the ground wires reach 
the tower where they suffer partial reflections and 
refractions, the extent of which depends upon the 
relative values of the surge impedances of the circuits 
and the tower resistance. However, unless the cloud 
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discharge is instantaneous, diminishing residual bound 
charges remain on the line and ground wires up until 
the cloud discharge is completed. 

The conventional method for calculating the protec- 
tive ratio (defined as the ratio of the voltage on a line 
wire with ground wire protection, to the voltage which 
would exist without ground wire protection) is based 
on the tacit assumptions that (a) the ground wires are 
“Sdeal,”’ that is, perfectly grounded throughout their 
length, (b) the cloud discharge is instantaneous, (c) 
traveling waves are not formed, (d) the distribution of 
bound charge is uniform. 


The published theoretical work which has been done 
with ground wires grounded through resistances?:?, has 
also been confined to the case of rectangular bound 
charges instantaneously released, and subject to the 
further restrictions of a single ground wire, and a single 
line wire, although the possibility of introducing an 
equivalent ground wire and an equivalent line wire was 
erroneously supposed. Moreover, reflections were 
limited to a single span. These several simplifying 
assumptions were introduced in the interests of en- 
gineering practicability, and primarily for the purpose 
of obtaining qualitative results. In the opinion of the 
present author, the above work was a commendable 
step forward. The equations which were used, though 
derived in a different manner, are the same as those 
given in Appendix III, Equations (3), (4), (5), (6) of 
this paper. 

Peek‘ has made extensive tests on models to ascertain 
the protective ratio for numerous different arrangements 
of ground and line wires. Some of his results are given 
in Table I of thispaper. Of course, with tests made ina 
laboratory there is no room on the model transmission 
line for the development of traveling waves, and the 
conditions are inherently static. However, as will be 
shown, for ideal ground wires the protective ratio is 
independent of the formation of traveling waves. 

Peek’s tests show consistently lower protective ratios 
than those computed by the conventional method. 
Hunter’ has attempted to account for this discrepancy 
as due to the formation of corona, resulting in an en- 
largement in the effective size of the conductor, and a 
corresponding reduction of induced potential. His 
method consists’ in solving for the charge Q, on the 
ground wire from the equations which obtain before 
cloud discharge (Equations (1), Appendix II of this 
paper). Then 

Q=G.f(r) 
where G is the field gradient due to the cloud and f (r) 
is a function of the radii of the conductors. The 
gradient at the surface of the ground wire due to Q; is 
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Equating this expression to Peek’s equation for the 
visual corona gradient* 


Transactions A. I. E. E. 


1 + 0.301 
go = 29.8 | aeegee 
Ti 
yields an equation 
G = 149 1+ 01 Ti 
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from which r; may be determined. This value of 7; is 
then used in computing the protective ratio by the 
conventional method. Thus 7;, and with it the protec- 
tive ratio, depends upon the field gradient G. A num- 
ber of implied assumptions underlies this work, such as 
the supposition that corona obeys the same law under 
transient conditions as under steady state conditions, 
that it remains constant during the cloud discharge, 
that positive and negative corona are alike, and that 
there is no time lag. These limitations were recognized 
by Hunter. Nevertheless, his calculations agree very 
well with Peek’s tests, and represent the only real effort, 
to take the effects of corona into account. Some of his 
results are given in Table I, and a set of curves ex- 
tracted from his paper is reproduced here as Fig. 2. 


TABLE TI 
COMPARISON OF CALCULATIONS AND TESTS 
Peek’s tests on Hunter's 
Arrangement models method 
J (1) 0.52 0.57 
0 0 0 (2) 0.44 0.47 
uf 2 3 (3) 0.52 0.57 
(1) 0.40 110438 
0 0 0 (2) 0.34 0.25 
1 2 3 (3) 0.40 0.38 
A (1) 0.34 ORsHl 
0 0 (2) 0.28 0.24 
1 2 31 (3) 0.34 0.31 
(0) Omer (1) 0.42 0.46 
0 0,2 (2) 0.49 0.52 
(0) (0) NS} (3) 0.56 0.56 
0 () sal (1) 0.33 0.27 
0 0-2 (2) 0.38 0.33 
(9) 0 3 (3) 0.44 0.40 


McKachron, Hemstreet, and Rudge’ have studied the 
ground wire effect with traveling waves, Fig. 4a, and 
have ingeniously separated the total effect into two 
parts, first, the reduction in voltage due to the escape 
to ground of the bound charge on the ground wire; and 
second, the further reduction in voltage due to the 
acquisition of a charge of opposite sign by the ground 
wires. Their results are in excellent agreement with 
calculations of the protective ratio by the conventional 
method. Corona did not enter into the picture, as the 
potentials of the impressed waves were relatively low. 
They found that tower footing resistance of the order of | 
75 ohms was practically equivalent to perfect grounding, 
as far as induced strokes are concerned. The effect of 
this resistance is easily calculated by Equations (3), 
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(4), (5), and (6), Appendix III, of this paper. By these 
equations the voltage wave on the line wire transmitted 
beyond the grounding point is 


: Zi2 
fo = fo— Py mare 


Using calculated values of Z,, = 532, Z,, = 107,R 
= 76, and f; = fe (since the same wave was applied to 
all three conductors) there is 
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The value actually measured was 0.835. Had the 
grounding resistance been equal to zero this would 
have reduced to 
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as compared with a calculated protective ratio (based 
on the conventional method) of 0.77. The difference is 
due to the fact that the conventional method for cal- 
culating the protective ratio takes into account the 
difference in voltage between wires at unequal heights, 
whereas the above calculations with traveling waves 
were based on the same initial waveson both conductors. 
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A number of measurements with antennas has been 
taken in an effort to obtain field data on the protective 
ratio afforded by ground wires. Smeloff and Price’ 
mention one record in which a protective ratio of 
approximately 50 per cent was indicated. Here again, 
there is no room for the formation of traveling waves, 
and the situation is inherently static. The indicated 
protective ratio is of the order of that calculated by the 
conventional method,—certainly within the range of 
accuracy of the measurements. 


The author hardly feels justified in mentioning in 
connection with induced strokes, the statistical data on 
ground wires that have been accumulated by operating 
companies, for there is no definite information as to the 
percentage of outages caused by induced and direct 
strokes. However, the interesting curves given as 
Fig. 9 in the paper by Lewis and Foust’ show some 
degree of correlation between theory and experience. 

From the foregoing review of the work that has been 
done on induced strokes, it is evident that no single 
study has explicitly included all of the essential factors 
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involved, nor has any definite effort been made to | 
correlate the different methods of attack on the problem, 
so as to prove their equivalence. It is not entirely 
obvious, for example, that the same protective ratio 
would be found in the case of tests with traveling waves 
(a strictly dynamic situation) as are calculated by the 
conventional method based on purely static equilibrium 
conditions. It is still less obvious that either of these 
methods gives the same protective ratio as obtained 
under actual conditions. Table II outlines the as- 
sumptions underlying the several methods of attack, 
and serves to indicate their limitations from the stand- 
point of rigorous analysis. It is partly the purpose of 
this paper to correlate these separate investigations by 
contributing a generalized theory of ideal ground wires, 
and an extension to the theory of periodic resistance 
grounds. 

Ideal Ground Wires. In Appendix II of this paper, 
the general theory of ideal ground wires (ground wires 
perfectly grounded at all points) is worked out. The 
analysis includes the effects of the law of cloud dis- 
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TABLE IT , 
INVESTIGATIONS OF GROUND WIRE PROTECTION FOR INDUCED VOLTAGES 


charge, the distribution of bound charge, the formation 
and development of traveling waves, and residual 
charges. It is applicable to systems having any num- 
ber of ground and line wires, and Hunter’s correction 
for the effects of corona can be applied in the same way 
as to the conventional method of calculation. 


Now the amazing conclusion reached as a result of 
this analysis is that the protective ratio (in the case of 
ideal ground wires) is independent of the law of cloud 
discharge, of the distribution of bound charges, and of 
traveling waves, and is exactly the same expression as 
that found by the conventional method of calculation. 
In other words, the same protective ratio would be 
found by any method for which ideal ground wire 
conditions prevail, and these include: 

1. The conventional method (and Hunter’s cor- 
rection). 

2. Tests on model transmission lines (Peek). 

3. Tests with traveling waves (McEachron). 

4, Measurements on antennas. 

Of course, the actual voltages induced on a line are 
quite different, depending on the law of cloud discharge, 
ete., but the percentage reduction in voltage to be 
realized by the employment of ground wires is indepen- 
dent of these factors. 

Appendix II, therefore, establishes the validity for 
obtaining the protective ratio by any of the several 
different methods. In addition, Appendix II offers a 
means for computing the actual voltage induced on a 
line. It may appear academic to talk about ideal 
ground wire conditions, but as a matter of fact, such 
conditions substantially obtain at the tower within a 


Considered the effect of: 
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fraction of a microsecond after the start of cloud dis- 
charge (the time that it takes a wave to travel twice the 
height of the tower). Out in mid span, one or two 
microseconds may pass before ideal ground wire condi- 
tions prevail. Also, as McEachron, Hemstreet, and 
Rudge’ have found experimentally, and as was verified 
by calculations in this paper, a ground resistance of the 
order of 75 ohms provides nearly 95 per cent of the 
protection possible with perfect grounds. And finally, 
the fronts of waves caused by induced potentials are 
not abrupt, so that the negative reflections traveling 
back from the grounding points at the towers arrive 
before maximum potential occurs and thereby, in 
effect, the ground wires function as ideal ground wires. 
Nevertheless, it is deemed advisable to present a general 
treatment of periodic resistance grounds, in order to 
prove these contentions. 

Periodic Resistance Grounds. The essential elements 
of the theory of periodic resistance grounds have already 
been given by Cox and Slepian.2 It remains to 
extend the theory to include the effects of the law of 
cloud discharge, of the distribution of bound charge and 
of a multiplicity of reflections from successive spans, and 
to take into account properly the presence of any 
number of line and ground wires. The generalization 
will then be complete. 


In a previous paper! the author derived three different 
methods (graphical, tabular, and analytic) for calculat- 
ing the shape of traveling waves induced by lightning 
in terms of the functions F (t) and f (x) representing the 
law of cloud discharge and the initial distribution of 
bound charge respectively. It was there shown that 
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the shape of the traveling wave is changing during the 
cloud discharge. This may be called the formation 
period, to distinguish it from the period following the 
completion of cloud discharge when the waves are fully 
developed and suffer no further change in shape except 
the attenuation and distortion due to losses. However, 
that part of a forming wave which has moved beyond 
the region occupied by the bound charge is the same as 
the corresponding part of the fully developed wave. It 
is therefore possible to specify the shape of wave issuing 
from a bound charge distribution as proportional to 
some function ¢ (t) involving F (t) and f (x), and this 
function may be discovered by any of the three methods 
given in the bibliography. In particular, the function 
f (x) may be considered to be only that part of a total 
bound charge distribution which lies between adjacent 
towers, and then the simultaneous effect of all spans 
included by the bound charge can be found by super- 
position. 

In Appendix I of this paper, the theory of traveling 
waves on any number of mutually coupled parallel 
wires is worked out, and the behavior of these waves at 
rather general transition points is specified. The 
solution obtained applies to Fig. 3 and from it the 
special cases shown in Fig. 4 have been given as simple 
examples of its application. Fig. 4f may be taken as 
a resistance ground on one ground wire protecting one 
line wire. But it is shown in Appendix III that each 
line wire behaves independently: of the others; and 
according to Equations (38) to (42) of Appendix I it is 
possible to lump all the ground wires as a single equiva- 
lent ground wire if they are all at the same height 
above ground, that is, all carrying equi-potential waves. 
If all ground wires are not at the same potential, then as 
an approximation, this replacement may be effected by 
an equivalent ground wire at their average potential. 
In practical cases the error is negligible, and avoids the 
complication of including mutual connection links at 
the transition points of Fig. 3. 

Hereby, without loss of essential generality, Fig. 4f 
contains all of the elements entering into the analysis, 
and the effect of a wave striking the resistance junction 
is given by Equations (3), (4), (5), and (6) of Appendix 
III. Finally, the simultaneous existence of waves on 
different spans, and the multiplicity of reflections and 
refractions to which they give rise, may be taken into 
account through the use of the lattice indicated in Fig. 
5. The theory of such lattices is given in Appendix III. 

The steps in the complete solution are then as follows: 

(A) Replace the actual ground wires by an equiva- 
lent ground wire, consistent with the conditions imposed 
by Equations (38) to (41), Appendix I. 

(B) Consider each span between towers separately, 
and for each span compute the traveling waves on 
every wire. Then 

fi = 6 (t) . ki G = incident wave on ground wire. 

fo = o (t) . ho G = incident wave on line wire. 
where h, and h» are the heights of the wires, G is the 
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field gradient, and ¢ (t) is a function involving the 
bound charge distribution f (~) on the span and the law 
of cloud discharge F (t). It may be evaluated by any 
of the graphical, tabular, or analytic methods given in 
the bibliography.' It is simply the function expressing 
the shape of the wave issuing from the bound charge 
distribution. 

(C) Calculate the reflection and refraction operators 
for both the line and ground wires as given by Equations 
(3), (4), (5), and (6) of Appendix III. Then 

Ko =— af; = reflected wave on ground wire 
FEM sae transmitted wave on ground wire 
a= Of; reflected wave on line wire 

fo” = fo +cfi = transmitted wave on line wire. 

(D) Construct a lattice as shown in Fig. 5 of a 
sufficient number of sections to include the requisite 
time interval and number of spans, and therefrom 


Ground Wire. 


Line Wire. 


5—WaAvVES FROM RELEASED Bounp CHARGES 


Fria. 


Top lattice: Reflections and refractions on ground wire 
Bottom lattice: Reflections and refractions on line wire 


determine the potentials at all points by superposition. 

The most simple case is that of instantaneous cloud 
discharge and rectangular bound charges. This also 
gives the maximum departure of the potential at mid- 
span with respect to that at the tower. Curves cal- 
culated on this assumption for a bound charge 2,000 ft. 
long and 1,000 ft. spans are shown in Fig. 6. They 
differ from those shown by Fortescue, Atherton, and 
Cox? in being based on different constants and in taking 
into account all reflections up to the included time 
interval. The traveling wave on the line wire is 0.550 
(18 per cent high), 0.488 (4 per cent high), and 0.472 
(1 per cent high) after zero, one, and two microseconds 
respective’y. Potential differences between line and 
ground wires greater than these values (1.30 maximum 
for one-half a microsecond) are limited to the two spans 
which held the bound charge. These excess potentials 
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diminish in importance as the rate of cloud discharge 
decreases. Had the ground wires been ideal, the 
voltage on the line wire would have been 0.467. 
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Investigations of direct hits on lines fall into two 
categories. First, there are the statistical studies 
relating to the probability of a lines being struck and the 
magnitudes involved, and second, there is the analysis 
of the resulting disturbances. 

In Fig. 7a is shown a transmission line tower situated 
on a level plane free of brush or other projections. 
While the idiosyncrasies of a lightning bolt are too 
erratic for one to predict where it will go, yet the only 
justifiable assumption is to suppose that on an average 


TOWERS 


Fic. 6—ApproacH TO IDEAL GROUND WIRE CONDITIONS ON 


THE SPANS 


it will strike to the nearest object. On this basis, the 
stroke will, by preference, hit the tower when the dis- 
tance r is less than the height H. In Fig. 7b are plotted 
a set of curves showing the distance D, corresponding to 
r = H, between the projection of the approaching 
center of disturbance and the tower, as a function of the 
cloud height H and the tower height h. If there is 
absolute certainty that lightning will strike within. a 
zone of width W centered on the transmission line, then 
the probability that the line will receive the stroke is 
2D/W. When it is realized from the curves of Fig. 7b 
that the susceptible zone 2 D is of the order of 1,000 ft. 
it is not surprising that lines are hit. If the tower is on 
the top of a hill or ridge (as is so often the case in order to. 
provide for long spans) then the chance of being hit is 
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greatly magnified. The susceptible distance 2 D can 
only be ascertained in such a case by drawing the 
clearance are as shown in Fig. 7c. The tower is more 
likely to be struck than the span, because it is higher 
than the sagging span, and also because the towers 
usually occupy the high points along the right of way. 
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Fig. 

It has been proposed to provide line towers with 
extension masts of sufficient height to insure their being 
struck instead of any part of the line. The necessary 
height of such masts is of the order of 200 ft. for line 
heights of the order of 60 ft. and spans 1,000 ft. long. 
Still other schemes have been advanced, such as paral- 
leling the transmission line by separate masts support- 
ing a direct hit wire, etc. Of course any scheme that is 
used must have economic justification. 

It is of interest to speculate on the maximum voltage 
of a direct hit. Lightning waves measured on trans- 
mission lines by cathode-ray oscillograph stations have 
been from 10 to 200 microseconds in length, thus 
showing that the cloud discharge has persisted long 
enough to establish equilibrium conditions in the 
lightning bolt itself (that is, successive reflections, if 


they actually occur, will have subsided). Thereafter, 
Za 
Lightnin Po 
Sone ried Iutial Wave 
first Reflection 
first Transmbled Wave 
b%e, e : ty Pm | i gp, y be, Second Mejlection 


Dur TO 


8—REFLECTED AND TRANSMITTED WAVES 
Prriopic REesisTANCE GROUNDING 


the potential drop along the lightning bolt is probably 
uniform. Now for a steady impulse lasting 10 micro- 
seconds or longer, the flashover voltage in air is from 
150 to 200 kv./ft., so that a line wire 60 ft. high on wood 
poles could not support a voltage much in excess of 
10 X 10® volts without a side flash to ground occurring. 
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If a side flash does take place, then the voltage on the 
line would be 60 G, where G is the gradient along the 
stroke, and if uniform, does not greatly exceed 100 
kv./ft. Therefore, the maximum voltage on a 60-ft. line 
is probably of the order of 10 « 10° volts. 
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The voltages on the ground wire at the junctions as functions of time are: 
ey =e, (tt) + [a + aal.e(¢ —2T) 
+{ +a) (aa +ab*)]|.e(@ —-4T) +.... 
e =bea (tt —7T) +fab+@bt+aadbl.at—-37)+.... 
es = be ( —2T) +[ab? +208? +aab*).e(¢ —-47) +.... 
e=be(@ —3T) +.... 
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Fig. 1O—ReEFLECTIONS AND REFRACTIONS ON 


Ligutnine STROKE at TOWER 


The voltages on the line wire at the junctions as functions of time are: 

Ei =e (4) +(2c +Bal.a@ —27T) +[(2bc +2abc +2aac 
+apa?+fab’].a( —4T)+.... 

Eee) cer = LT) lc +Ba+bc+abe 
t+taacl.eat—3T) +... 

EBE3 =e (( —2T) +[ce +bc].e1 ¢& —2 T) rae tabc+aabe 

+@be+abc+e+pfpat+aac).at¢ —47T) +. 
Es =e,0@ —3T7) +[e tbe +H ecl.ad¢ —3T)+.... 


Currents in the tower of the order of 100,000 amperes 
have been indicated by the direct hit recorder.’ If 
these currents were due to a direct hit at the tower of 
resistance R, then the voltage across the tower was 
100,000 R. By Equation (7) of Appendix III this 
corresponds to a lightning voltage of 


r 
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Zi (R + Z.) PialiZ, 
241 


which, in the case of two ground wires, gives a range of 
o = 10 X 10° toe, = 20 X 10° corresponding toO < R 
< 100 ohms, and an assumed surge impedance of 
Z, = 200 for the lightning bolt. On the other hand, 
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11—PorENTIALS AT THE TOWERS IN PER CENT OF THE 
LIGHTNING VOLTAGE 
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if the 100,000 amperes was a result of a direct hit at 
mid span there is a possibility of there being double these 
voltages in the lightning stroke. 

Fig. 11 illustrates the effect of resistance on the 
ground and line wire potentials, and the difference in 
potential between line and ground wires. These curves 
are based on the equations and lattices described in 
Appendix III and were prepared in imitation of those 
previously given by Fortescue, Atherton, and Cox.’ 
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Top: Infinite rectangular applied wave 
Bottom: Infinite flat-top wave with 4 T front 


Fig. 12 shows the voltages as functions of time at three 
adjacent towers, and includes the effects of successive 
reflections from all adjacent towers. 

In general, there are four distinct and definite ad- 
vantages to low ground resistances: 

1. Reduced potential on the ground wires at the 
tower. 

2. Reduced potential on the line wires at the tower. 
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3. Reduced potential between line and ground wires. 

4. Limitation of dangerous potentials to fewer spans. 

Low ground resistance is obtained by decreasing the 
tower footing resistance and by the installation of 
counterpoises. The proper disposition and arrange- 
ment of counterpoises appears at present to be a matter 
of test rather than of calculation. 
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Fig. 13—Errect or INCREASING THE HEIGHT OF THE GROUND 


WIRE 


Induced potentials, co-existing with those due to the 
direct stroke, alleviate the magnitude of the impressed 
voltages, for the induced voltages are opposite in sign 
to those caused by the direct strokes. Referring to Fig. 
14, let capital letters represent the voltages of the direct 


stroke, and small letters the induced voltages. Then 
(Z12) ; : 
EB, — e@: = E, — e, = voltage on line wire 
(Zi1) 
EF, — e; = voltage on ground wire 
E, (1 _ oe ) — (€,— €:)= voltage between wires. 
11 


Now since the ground wire is usually higher than the 
line wire, its induced potential is greater, so that 

€ = (€; — @:) = a positive quantity 

Therefore, the presence of the induced potential 
reduces the voltage between wires by e, and to a much 
greater extent reduces the voltages on both line and 
ground wires. Direct stroke calculations which neglect 
the induced charges are consequently pessimistic and 
err on the safe side. 

Peek has advocated the use of one ground wire, 
called the direct-hit wire, sufficiently higher than the 
other conductors so that they will fall inside its protee- 
tive wedge. Other ground wires may be used in con- 
junction with it to limit the potentials caused by in- 
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duced strokes. Unless the direct-hit wire is placed 
sufficiently high such an arrangement does not obviate 
the possibility of side flashes taking place from the 
direct-hit wire to the other conductors. Nor is it an 
unmitigated advantage to increase the height of the 
direct-hit wire beyond that necessary to avoid side 
flashes, for a higher wire not only invites more strikes, 
but also increases the voltage between the line and 
ground wires, so that the potential across the insulator 
string isincreased. Curves illustrating these conditions 
are shown in Fig. 13 for strikes at the tower and at mid- 
span. The basis of comparison is the lightning voltage, 
defined as the potential of a hypothetical freely traveling 
wave descending the lightning bolt of surge impedance 
Z.._ The method of analysis is described in Appendix 
III. Two scales for the ordinates have been given in 
Fig. 18, a percentage scale which is valid for all lightning 
voltages, and a voltage scale based on a lightning volt- 
age of 10 x 10° volts. This is probably as severe a 
stroke as it would be feasible to design for. 

In designing a line for a maximum lightning voltage of 
10 X 10° it is evident from Fig. 18 that the direct hit 
wire must be elevated 35 ft. above the line wires at mid- 
span to insure that there will be no side flash to them. 
The requisite number of insulatorsat the towers depends 
upon the ground resistance and may be decreased when 
good grounds are obtained, or else carry a greater 
margin of safety. Fig. 13 shows curves corresponding 
to a ground resistance of 50 ohms. Too much emphasis 
cannot be laid on the advantage of decreasing the tower 
resistance, as was illustrated in Fig.11. For resistances 
of the order of 10 ohms the reduction in voltage is 
practically proportional to the tower resistance, that is, 
a 5-ohm tower resistance means only half the voltage of a 
10-ohm tower resistance. 
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III. OTHER EFFECTS 

While ground wires are used primarily as protection 
against induced and direct strokes, yet they exert a 
number of interesting subsidiary effects, such as in- 
fluence on attenuation, telephone interference, corona 
loss, and zero phase sequence reactance. Some of these 
effects will be discussed here in a superficial sort of way 
but with no pretense at completeness. 


March 1931 


Effect of Ground Wires on Wave Propagation. The 
‘history of a traveling wave is described in terms of 
three characteristics: (1) velocity of propagation, 
(2) distortion, and (8) attenuation. The introduction 
of ground wires does not change the velocity of propa- 
gation of waves on a transmission line, except for the 
negligible influence of that part inside the conductor of 
the total magnetic field linking the ground wire. For 
steep short waves, such as are caused by lightning, the 
transient skin effect is sufficiently high so as to practi- 
cally exclude the internal fields of self-induction, and 
even when the current is uniformly distributed, the 
contribution of the internal field is negligible for high- 
tension transmission line spacings. Wave distortion is 
affected in two different ways by the presence of ground 
wires: first, the losses due to corona and skin effect 
experienced by that part of the energy transferred to the 
ground wires; and second, the superposition of high-fre- 
quency oscillations caused by successive reflections be- 
tween towers. If the grounding resistances of the towers 
are low, then these oscillations are not perceptible, but 
for high tower resistances they become noticeable in 
the waves on the line conductors, by mutual induction 
from the ground wires. In the attenuation tests 
described by McEachron, Hemstreet, and Rudge,® it 
was found that the attenuation of positive surges was 
not affected by the presence of ground wires, but that 
negative surges attenuated less rapidly. They show, as 
a result of this decreased attenuation, the interesting 
possibility, in the case of inefficient ground wires, of a 
surge originating out on the line and arriving at the 
station with a greater amplitude than it would have had 
if there were no ground wires, although the surge was 
reduced by the presence of ground wires at the point 
of origin. 

Introduction of Extra Ground Wires. Some power 
systems follow a policy of introducing extra ground 
wires over a short section (from a few hundred feet to 
a mile or more) adjacent to the station. The benefit 
derived from these extra ground wires is material for 
surges originating on the same section. However, the 
decrease in effective surge impedance due to the 
introduction of extra ground wires is small, and to 
reduce an incoming surge by more than a few per cent 
requires several advantageously placed ground wires. 
This is the so-called ‘‘second effect” of a ground wire, 
Fig. 4b, and is computed according to Case III, Ap- 
pendix I. The extra ground wires should extend out 
from the station sufficiently far, so that surges originat- 
ing beyond them will have been reduced below the 
dangerous value by attenuation. High potential 
lightning waves attenuate very rapidly, approximately 
to half value in one or two miles, so that the extra 
ground wires should extend far enough beyond the 
station to take requisite advantage of such attenuation. 

Effect on Telephone Interference. A completely 
transposed three-phase transmission line with isolated 
neutral will not induce voltages in an adjacent tele- 
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phone circuit. But if the neutral is grounded, zero 
phase sequence currents and the third harmonic cur- 
rent and its multiples are permitted to flow in phase 
in the line conductors and return through the ground 
connections, and these currents induce voltages in the 
neighboring telephone circuit. If there are ground 
wires present, the currents induced in them by the 
third harmonic line currents affect the telephone cir- 
cuit. The amount may be computed by means of Equa- 
tions (7), Appendix I. Let conductors (1,2, ... m) 
be ground wires and conductors (m+1,.. . .,n) the 
line wires. Then if resistance is negligible there must 
be 


= Pin — 0 
so that, upon rearrangement, the first m equations of 
Equation (7) became 
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from which the m ground wire currents may be deter- 
mined in: terms of the (n— m) known line currents. 
Having found the ground wire currents, the voltage 
induced in a telephone circuit x is 

0 bz a) 
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This result is not limited to a transposed line, nor 
to the third harmonic currents, but is general within 
the limitations of no losses in the conductors. How- 
ever, the inductance coefficients cannot be calculated 
on the basis of the zero equipotential surface being at 
the ground surface. It is usually several thousand 
feet below the surface, depending upon soil conditions. 

As a specific example, consider a completely trans- 
posed three-phase line with two ground wires. 

Then 
Ty 04 a Doi 12 = (Ls1 13 if Lu V4 =e Ls: 15) 
Di» 04 == Doe to tee (Lee 1s == Due ais se Lise 15) 
But for a completely transposed line 
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I =%, +7, +7; = total 3rd harmonic current in line 
wires. 
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and the voltage induced in the telephone circuit is 


2 = I 
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Zero Phase Sequence Reactance. The zero phase 
sequence reactance of a transmission line is of impor- 
tance in calculations of system stability’? and ground 
fault currents. This reactance is considerably affected 
by the presence of ground wires. Its determination is 
exactly the same kind of a problem as given in the 
previous section on telephone interference. Number- 
ing the first m conductors as ground wires and the 
remaining (n — m) conductors as line wires, there is 
Gi = o2 = = om = 0 
since the ground wires are at zero potential. For a 
completely transposed line, the zero phase sequence 
currents are 
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From these m simultaneous equations the m ground 
wire currents (2; . . . %m) may be found. Then the flux 
linkages of the line wires are 


sie ences tise 


and the zero phase sequence reactance is then defined as 
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Effect on Corona. The presence of ground wires may 
influence the gradients on the line conductors due to 
the normal system voltage, and may thereby change 
the critical disruptive corona voltage and the corre- 
sponding losses. Peek’s equation for the corona loss‘ 
per mile per wire is 


r 
s 


(e — e,)? 10° kw. 
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and the critical disruptive corona gradient is 


a 
9, = b38.4m,6 = 28 


where m, is the roughness factor, 6 is the air density 
factor, and Q is the charge on the conductor of radius r. 

Now in the case of 7 wires of which the ground wires 
are numbered from No. 1 to No. m inclusive, the system 
of charges may be solved for from Equation (1), Appen- 
dix I in terms of the potentials on the conductors. 
Since the potentials on the ground wires are all zero, 
there is 
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balanced polyphase circuit have the same amplitude 
V, so that the solution for any Q in the above v simul- 
taneous equations ultimately reduces to 


Q=V.¢(p) 
where ¢ (p) is the function of the (p’s) occurring in the 
solution. The critical disruptive corona voltage is 
then that voltage for which 


A 


Jo = 58.4m,6 = 


VY =26-0490> =n 


5 r 
p (p) 
The factor ./r/s appearing in the power equation is 

of empirical origin. In the absence of experimental 

data as to the best interpretation to place on this factor 
in the case of more than two wires, it is advisable to 
use s as the distance to the nearest adjacent conductor. 

As an example, consider a three-phase circuit with 

one ground wire, as in the first arrangement of Table I. 

Suppose that the line and ground wires are all 0.75 

in. diameter, with 10 ft. spacing, and the line con- 


ductors 50 ft. above the ground level. Then it is 
easily verified that 

{Oi = 16.50 (iy == 4.06 p23 = 4.61 
po = 16.13 Diz = 4.80 Do = 3.26 
D330 —= 6x3 Dit 4.06 p32 4.61 
Das = 16.18 


and the solution of the four simultaneous equations 
gives for the charge on the middle line conductors 
Q; = 0.0883 V 
Then the critical disruptive corona voltage is 


375 
V =e, = 26.7 m.6 =z. = 112 m, 6 ky. 


0895" 
Had the ground wire been neglected it would have 
been 
6. = 113.5:%,.0 
Incidentally, if only adjacent line conductors are 
taken 
é. = 114m, 
Of course one should not generalize from this single 
set of calculations, but every important installation 
should be calculated completely. 


Appendix I 


MAXWELL’S ELECTROSTATIC COEFFICIENTS 


Consider a system of » conductors of any shape and 
arrangement, fixed in position and uncharged. If a 
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unit charge be placed on conductor x suppose that the 
potentials acquired by the conductors are (pi, Dz, 
eet ea , Pzn)} Had a charge Q, been placed 
on conductor x, instead of unit charge, the potentials 
would have been Q, times as large, or (Q; pri, .- -; 
Q:Pzn)- In this notation the first subscript denotes 
the conductor on which the charge was placed (in this 
case x), and the second subscript the conductor taking 
_that potential. It follows by the principle of super- 
position that the effect of simultaneous charges (Q,, 
Qs, . . ., Qn) on all the m conductors is to give rise to 
the system of potentials 


Vi= Pru Qi + pr ) seat ees Pak rts + Dnt Qn 
eet ti Oba Dey Qo ce stalk ons ee + Pro (1) 
Ve == Pin Q: 55 Peon Q> + CRO Oe Or ae ata tag 


The above equations give the potentials in terms of 
the charges and the coefficients p. These linear coeffi- 
cients of proportionality depend only on the geometrical 
properties of the conductors, as their size, shape, and 
position. In a few simple cases, such as parallel 
cylinders, they can be calculated, but in most cases 
must be determined experimentally. 

Solving Equation (1) for the charge Q, on conductor 
x, there is : 
Q. = Kis1Vi + Ki2 V2 + Kis V3 46 RE 3 AoE Ie ee 

(2) 
where D K,, is the minor of which p-, is the co-factor 
in the expansion of 


DTS tee cet hs Pni 
Dia D99. 3 6) one Pre 
1B) =a WY OEY OO eanaome Gu Pan (3) 


To show that all of the potential coefficients p are 
positive, suppose that Qi = +1 and Q.=Q;=.. 
=Q, = 0. Then V, is the greatest potential in the 
field, and the potentials of the other conductors must 
lie intermediate between V, and zero, hence all positive. 
Leen ie anda Ve =i ig = os Va. = 0,then 
it is evident that Ki; = Qi: is positive and Ky, Ka;, 
ete., are all negative, since the lines from Q1: must 
terminate either at infinity or on the other conductors. 
Therefore K,, is negative if « ~ y. By means of 
Green’s reciprocal theorem (see ‘‘Electricity and Mag- 
netism” by J. H. Jeans, p. 92) it may be shown that 
Poy = Pyz and therefore K,, = K,.. Recapitulating, 

Dey = Puz and Kay an Kyz 
Pzy Kez are positive 
K,, is negative if x ¥ y (4) 

Now consider a system of parallel cylindrical con- 
ductors of sufficient length so that end effects are 
negligible, and whose spacings are large compared to 
their radii. If these conductors are over a zero poten- 
tial plane, as shown in Fig. 15, then the method of 
images may be applied and from electrostatics there 
is 
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2h 
Pex = 2log garages 9 < 10" daraf per cm. (5) 


a 
7 Sele. aie x 9 X 10" daraf per cm. (6) 


where 


ry = radius of conductor x 

h = height of conductor x above the zero potential plane 
a = distance between x and the image of y 

b = distance between x and y 


MAXWELL’S ELECTROMAGNETIC COEFFICIENTS 


If in a system of n conductors carrying currents, and 
free from saturation effects, the flux linkages of con- 
ductor « due to its own current 7, is (L,,7,) and the 
flux linkages of conductor y due to the current 7, is 
(Ley%2); then by the principle of superposition the 
total flux linkages for all conductors are 


gi = Lyi 41 + Dor 2 al eee Lint 
oo = Lyeti + Insta +... .. Lino tn (7) 
bay = Dy, ty da Mee oe ee Tent. 
2 
7 5,” 
o3 
Fig. 15—System or Conpucrors aNnp THEIR IMAGES 


From energy considerations (see ‘Electricity and 
Magnetism” by J. H. Jeans, p. 443) it may be shown 
that 

Ly a Lye (8) 


For the system of parallel wires of Fig. 15 


1 2h 
Lopes ( > + 2 log as ) 10-* henrys per cm. (9) 


es ( 2 log = ) 10-* henrys per cm. (10) 


SELF AND MUTUAL SURGE IMPEDANCES 
Equations (2) and (7) apply to a system of parallel 
wires carrying currents above a zero potential plane, 
if the losses due to resistance, skin effect, leakage, and 
corona are ignored. If distance along the circuit is 
given by the coordinate x, then 
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0 21 ra) Q: K Oe; K 0 ey 
ar oe es eee ee 
ene 1 
ST re Ran gh + Ki, vv (11) 
Oe; re) Pi 024 Ot 
Seige ar riage) WseNrtinr Peer 
L ons 12 
Teh id i + Lin v (12) 
Differentiate (11) with respect to ¢ and (12) with respect 
to x and substitute. Then 
pd oR Na K K 
ayt Sp! aft (Krai hae Oo See ep ae ste ears) 
+ Die (Kor é:+ Ke@ée+..... + Kon @n) 
= y (Kai al == Kns 62 ae 0 MOR tor Oy. 3 aE hey en) } 
C2 
= OP {(Ly Kis + DiKoat..... + Lip, Kni) a 


2 


a) 
== {J11@1 + diz eo + 


Sp Wut pJuet.. ee. + Jin @n} (13) 

where ; 
Sz =] Dy Ki; + Lys Kos + L,3 Kss rE eh eat ren: Dn Ks 
= Dy, Kis + Dy Kos + Ls, Kas + at od Ce Lathe A bpediGer 
(14) 


In operational notation the n equations of type (13) 
may be written as 


O = Aiper+ Jia @2 ire wom + Sin en 
0 = Joie, + Ace eo + Ss ahah fobeke + Jon Cn (15) 
tbe Repent ry AoN ot iste ‘ale oes de + Ann Cn 
where the operator - 
fev 
An = bee S fae, (16) 


In order that (15) may have a solution other than 
zero there must be 


Au Jie J typ «ee ai yes 
J dy Aige Sn bob 2 J on 
doit pees. jn Ay |-0'= ume C17) 


Since this determinate is of order n, its expansion 
yields a polynomial of degree n in the operator 


ar oS J Sat 


Tf the coefficients are designated by a’s then 


(18) 


Transactions A. I. EK. KE. 


(GnB" 1 OnerO e ta +8 +@)e=0 (19) 
Now if e is assumed to be a wave, it is 
e=f(*e+ot) 
and substituting (20) in (19) there is 
CPO She GEN Aiea + a,07% + a = 0 
(21) 

which is a polynomial of degree n in (v2), and therefore 
there are 2 values for the velocity of propagation 
(n positive and n negative) which satisfy the conditions 
for wave motion. If 

Bis a (Ser ae v~) (22) 
then the n values of (v-*) are given by the determinate 


(20) 


Ban dhag Se moe ee te 
J 01 Bos Ne cio Tatts A koe 
FT ee See a (23) 


These considerations show that, in general, there can 
exist simultaneously on each wire of n paralleled wires, 
n pairs of waves of different velocities of propagation, 
(v1, V2, - . -) Un) and each pair consists of a forward 
and reverse wave. Therefore 


4 =fiu@ — 1t)— Fu @ oid) + 


me Deed, 


+ fin (@ = Unt) + Fin (@ + Oat) (24) 
The current, from Equations (11) and (24), is 
ee ea 8 ie K 
Ui at 1K a @iaadGrot estan + Kine) dz 
= K,, Xd», (fir— Fir) + Kae D0, (for — Fret... 
ie Kin x Un (har a Four) (25) 


where the summations include all of the waves in the 
expressions such as (24), for the potentials. 

For traveling waves due to lightning, the transient 
skin effect is so high that the current is confined to a 
thin skin at the periphery of the conductor. Conse- 
quently there is no internal magnetic field, and the 
(1/2) factor in Equation (9) vanishes (it is due to the 
internal interlinkages on the assumption of uniform 
current distribution throughout the cross-section of 
the conductor). Then Equations (9) and (10) become 


2h Pez 

di, = 2 log ts <x 107 = henryspercm. (26) 
a 5 _ Pew 

Lng = aor b «10% = © henrysperem. (27) 


c = (38 X 10") cm. per second = velocity of light (28) 
Substituting these values in Equation (14), there is 
Ses ae ce (Dir Kis 25 Pr Kos si se Pnr jy (29) 
Referring back now to Equation (3), and remembering 
that D K,, is the minor, of which the cofactor is p,,, 
in the expansion of D, it is evident that Equation (29) 
is that expansion if the elements of the r and s columns 
are identical. But in such a case a determinate 
vanishes. Therefore 


Oe, el 8) ae 
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ie = i 0 if Le S 
\ c?ifr=s (30) 
Under these conditions Equation (22) becomes 
B,. = (¢2— v2) (31) 
and the determinate (23) degenerates to 
2 0 
NT Soe ere 0 
Rieter”... B| = Bt = (¢*— y)»=0 (32) 


Therefore v = + c¢, and all waves have the same veloc- 
ity—that of light. 


Hereby Equations (25) reduce to 
dy Yu(fi-—F1) + Y i2(fo—F'2) a 


sr Yin(fn—F a) | 


to =Yo(fi-Fs) + Yoo(fo-Fo) +... .. Sonim eye 
= Y afi W+Ynolfe—Fat+... .. il anal n) 
(33) 
where 
Y,, = ¢K,, = self surge admittance \ 
Y,, = cK,, = mutual surgeadmittance { (34) 


Inverting the order of solution which led to Equations 
(33) there are 


ei =Z13(9:—Gi) +Zo1(go—Ge) + sec sei ea +Zn1(Gn—Gn) 
2 =Z19(gi— G1) +Z20(g2—Ge) + a var waht +Zn2(Gn—Gn) 
= iin Gi Gi) +Zon(Qe G2)+ 04 siucteimaat. Je +Znn(Gn Gn) 
(35) 
where 
tn 2h : 
2 =60 log (= ) = self surge impedance 
Prs a . 
Leg = = 60 log ( b ) = mutual surge impedance 
(36) 
g =g(x— vt) = forward current wave | 
G = G (a+ vt) = reverse current wave { (37) 


Suppose that a certain group of conductors, say (n + 1) 
to n inclusive, are carrying equal potential waves. 
Then it is possible, and usually convenient, to replace 
the effects of this group of wires by a single equivalent 


conductor. Let | 
aed caiiiy Bele M0 4. ify, (38) 
he a a +t, (39) 
iS Ae Gy ane i ohana + Yon (40) 
Y, = Ym+)s Atanas oa + Yn; (41) 

Then Equation (33) becomes 

lame Vath teva er oniys +: Yim fm + Yioto 

ie a ee + Vvesife eed mote (42) 

to — Yifi ah oe Vest het ts + ey 7 a Vote 


Hereby the number of equations has been reduced to 
(m + 1). 
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BEHAVIOR OF WAVES AT A TRANSITION POINT 


Suppose that each of the n conductors terminates at a 
transition point, as shown in Fig. 3, consisting of a 
lumped series impedance U, a lumped admittance to 
ground N, and outgoing lines fed through lumped series 
impedances W. In the general case U, N, W are opera- 
tors involving circuit constants and time derivatives 
and integrals. The surge impedances of the outgoing 
lines are designated by small z, and those of the in- 
coming lines by large Z. When incident waves 
(fi,. . ., fn) traveling along the incoming lines reach the 
transition point, waves (F,, . . ., F,) are reflected back 
onto the incoming lines, and refracted waves (f;", 

. , fn) are transmitted to the outgoing wires, and 
caren (li, ...,In) flow to ground through the 
admittances (Nines hese digs) 

The total potential on the incoming line at the 
junction is 


e, + e,/ = f, + F, (43) 
and the total current, by Equation (33) is 
te bt, = Yu (fi— Fa) +e. oe. “pe View itos Le) 
(44) 
The potential across the admittance N, is 
EH, = (€ + pr’) — U, (te + ty") (45) 
so that the current through N, is 
l= NB (46) 
The current transmitted to the outgoing line is 
eg = Yate Ure panes ate ee eee Un Sak. (47) 


The condition of current continuity requires that 


ne oe Ge re tp aa ae (48) 
The potential transmitted to the outgoing line is 
e,” = HE, — W; 1,” (49) 


Substituting (44), (45), (46), and (47) in ia there is 
(1+N, OLY tik) +Y no F ING +) 

= (Yri fr” a= Yr2 fo” + =“ ti ) (50) 
Substituting (44), (45), (46), and (47), in (49), there is 
Ce OP ee Aire Rae fae F,.)] 

= fe We Yeti ae + Yendnn (51) 
Since r takes on all values from r = 1 to r = n there 
are, n equations of type (50) and » equations of type 
(51), so that the 2 n unknowns (F,.. . F,, fi” 
fr”) may be uniquely determined. A few simple 
examples will be worked out to show the application 
of Equations (50) and (51). . 

Case I. Find operational expressions for the reflected 

and transmitted waves when there is a single incoming 
wire and a single outgoing wire. Equations (50) and 


sie pee 6) Fe 


(51) then reduce-to 
(14+.N101) Yu (fi— Fi) — Ni (fi + Fi) = yu fir” 
— UiYu(fi-— Pi) + (fi ti) =f’ + Wi yu fr” 


Solving these two equations simultaneously for the 
reflected wave F’; and the refracted wave f;’, substitut- 
ing 21 = 1/yn and Z:, =1/Yu, and dropping sub- 
scripts, there is 
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z@+W)1+NU)+U-Z-Z2N (#4+W) 


P= GW) A+NU)+U+Z42N@4W) : 


22 
Ju = ta. W) Lao N D4 oe Bete ie Sie 


For a large number of special cases to which these 
equations apply see Traveling Waves Due to Lightning 
by L. V. Bewley,! and Shunt Resistors for Reactors by 
F. H. Kierstead, H. L. Rorden, and L. V. Bewley, 
(A. I. E. E. TRANS., Vol. 49, July 1930). : 

‘Case II. A single wire entering a section consisting 
of a continuation and an adjacent isolated wire, Fig. 4c. 
There will be two transmitted waves, and one reflected 
wave. U3 = Ue = We = Wo = WN, = Ne = 0: Equa- 
tions (50) and (51) give 


Yu (fi = F,) = Yir fr” = Yr2 fo" 
0 = Yo fr” ae Yor fo” 
fie haa. fi" 


Solving these three simultaneous equations and sub- 
stituting impedances for admittances, there are 


” 2 @u1 
fi (- @u+ Zu fi 
E 2 Z12 
hr iv ur + Zu hi 
Zu — Zu 
LiFe Zi + Zu hi 


Thus the presence of the isolated wire has no effect on 
either the reflected wave or the directly transmitted 
wave. 

Case III. A single wire entering a section consisting 
of a continuation, and an adjacent grounded wire, 
Fig. 4d. The transmitted wave f.” = 0 since the 
ground wire is at zero potential, and as there are no 


lumped impedances U; = U2 = Wi = W2 = N, = 0. 
Then Equations (50) and (51) give 
Yu (f1 a F,) =e Yrr fr” 
(fi = hs F,) = fi 
Solving these two simultaneous equations there are 
" a 2Yu = 2 (211 222 — 2127) f 
shila ak Yut Yu a (Z11 Z22 — 212?) + 222 Zi s 
Yu- Yu (211 222 — 212”) — 222 Zi 
ie 661i ae 
Yu+t Yu (211 222 — 212”) + 22 Zi 


If 21; = Zu, these equations become 
2 (211 222 — 212?) 


u" a SSE EEE 
fi 2 (Z11 Z22 — 212”) + 212” fi 
bees 212" 


2 211 229 — 212" 


Fy” = fi 


so that there is a reduction in the transmitted wave, and 
a corresponding negative reflection. 
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Case IV. One of two wires grounded through a 
resistor, and the other wire left open-circuited, Fig. 4e. 
There are no transmitted waves, since the wires have 
terminated. Ni = 1/Ri, U1 =—U2— Nz 07 en 
by Equation (50) 

Yu (fi — F1) + Yue (fo — Fy») a N, (fi + F;) = 0 

Yo (fi— F)) + Yoo (fe — F.) =.() 

Solving and substituting impedances for admittances 
there is 


Ri -— Zu 
eae G 
bs eae 
Tea ae 
If Ry = Za then 
Fs = () 
Zi2 
F, = fo— Vie fi 


so that there is no reflected wave in wire No. 1. Had 
the incident wave in wire No. 2 been due to induction 
from wire No. 1 it would have been 


Zi2 
fe 7 Vite fi 


and in that case the reflected wave F’. also vanishes. 


Appendix II 


GENERALIZED THEORY OF IDEAL GROUND WIRES 


When a charged cloud approaches a transmission line, 
charges of opposite sign leak over the insulators and 
appear on the line and ground wires as bound charges. 
The density of charge at any point on a particular wire 
depends upon the electrostatic field gradient due to the 
superimposed effects of the charge on the cloud and the 
induced charges on the other wires. It is a simple 
matter to write the characteristic equations for such a 
system in static equilibrium, in terms of Maxwell’s 
electrostatic coefficients defined in Appendix I. 

Now when the cloud discharges according to some 
time function F (t), the bound charges on the line wires 
distributed proportional to a function f (x), are released 
and form pairs of traveling waves moving away from 
the region of disturbance in opposite directions. The 
time of cloud discharge is too short to allow any appre- 
ciable readjustment to take place by leakage of a charge 
of opposite sign over the high resistance of the line 
insulators. However, this is not the case with the 
ground wires, which are grounded at the towers through 
relatively low resistances. The present analysis is 
restricted to the case of ideal ground wires, that is to 
wires maintained at zero potential throughout their 
length by perfect grounding. 

Consider an overhead system having m ideal ground 
wires and (n— m) line wires. Number the ground 
wires from 1 to m inclusive, and the line wires from 
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(m + 1) to nm inclusive. Let p,;, = p,, be the mutual 
coefficient between the kth and rth conductors. Before 
cloud discharge all conductors are at zero potential, by 
virtue of the charges Q; which have leaked over the 
insulators. If G is the field gradient due to the cloud 
alone, and if h; is the height above ground of the kth 
conductor, then the field equations during the conditions 
of static equilibrium before discharge are: 


V,=0 =Gha+71Q:4+ Ron mon Mae aa 5 + Din Qn 

V2 = 0 = Gho + pu Qi + Dy ce ke MLO UO 2 F DonQs | 

V,=0 = Gh, + 91 Qi + Pek aor VS aE Ss diy eva 
(1) 


BEWLEY: CRITIQUE OF GROUND WIRE THEORY 15 


The first term on the right is the potential due to the 
residual field of the cloud; the second term that due to 
the residual charges on the line conductors; the third 
term that due to the stationary charges on the ground 
wires, and the fourth term that due to the traveling 
waves. There are thus 2 unknowns: (Q,.. . Q,), 
(qx’ . . . Om’), (Vngi. . . Va) and n equations (1) and 
” equations (6) for their determination. (Q,.. . Q,) 
may be found from Equation (1) above. Substituting 
for the first two terms of (6) its equivalent from (1) 
there is 


—Vitpder Qi’ +. . .+Dme Qm' +0 Der Qit. . . 
Ae A Dim or = B Diim+1) Cr, =F asco a: == b Din ae (7) 


Now suppose that the cloud discharges, so that at any where 
instant ¢ the gradient is given by G. F (t), where F (t) a=[d(x,t)+ ¥(a, )—F (t)] and b=~[o(z, )+ v(z, 0] 
is the functional law of cloud discharge, assumed to be (8) 
uniform over the bound charge distribution f(x). The symbolic determinate therefore is: 
Q1 sot 46.0 5 pole oo doles Ge Qm+1 Sse agcelcat REI Rirepne siete thecal (ae qu’ wtarsichstokom tare oa ee sealer ous am Vina PAE CRAONS CeO ch Swen Queer S Ve 
DAN iene elec asheters ht ees, Pim PICA) © fails ee eens Pni OR / e  aoe On O se eh. Senate oe eee 0 = —G hi 
TNE yeni eae lt (ia oh hoes. xs Oe Ue eo a ae Gey ne 
(7 2 2) GeO CnC CnCeCaS a Pim b Pi (m+) ASO ood 2S b pin PUL oe tec cie eee eee Pim One See ceca 0 =) 
IEG Ke ois bipicaye SAO Dard Doan ee Bitty Font RMSE BY ov 0 
G@ P(m+1)1-+++ ++ ++@ D(m+i)m b P(m+1) (m41)-++--- b P(m+1)m  P(m+1)1-+-+- +++ s eee P(m+1)m — Te td pers cate ee: 0 a 
hc staal Reet A ITE PR RS i 2a flo 9 a Ohne oy eanmele Contae Srrilghel at 
(1) Subtract (a) times the (q’) columns from the corresponding (Q) columns. 
(2) Subtract (6) times the first (x) rows from the corresponding remaining (n) rows. 
(3) Add (6) times the (q) columns to the corresponding (Q) columns. 
The bound charges on the line wires will be released The solution for V (44m) then takes the form: 
proportional to the decrease of the gradient, so that |p,.......... Daioh OSS teehee Cun Nae had sehen 0 
ijeseaduarcnarce on tne line conducton at any mstant? —|07.-..ieloe cane ekes pins Ss ada eRe SEE croc ciel oo 
(t) is Q,.F (t). Pairs of traveling potential and current [Pin.--.------ Pra Oar ey aia 0 O mE Pig Moctaauciele ; 
waves are initiated so that for the freely developed 0 De Bit ose Pim): OW... 2. Ee 
waves (see Equation (35), Appendix I) ere ig Meg ts Pisa (yen eee oe 0 
MU =Lki 414-Ze lot. oe: +Zar tet. Oh ce 4 +Zin dn (2) On ateneaneh 0 P(m+1)1- +P on+1)m (— 1). b hum) Mo acne 0 
Now the shapes of traveling waves on all wires depend TRO OOO son Dace CAO ‘ pete, whe ba er/ey so) sol othel.el pam erste ‘ anal aaipet ols : . @\y si fay eye) (axe cai ce : 
only on f (x) arid F(t), and are therefore similar. Hf [0100077101 Pee Piekwe vesse. 0! ete 
I, is the current corresponding to instantaneous cloud {9 eke eee eae Reae Baka 
discharge, then there exists a function ¢ (2, t) involving 0 
pana ro(e)y such that the current: wave at any time’ |» 0 2 ae oe 
(t) and point (x) is given by Otherwise the same as above. 0 
0 
OF =1,.¢ (x, t) (3) ASA hs Bi 
Similarly, there is a function y (x, t) associated with 0 
the reverse wave. Moreover, by a comparson of 0 
Equations (1) and (35) of Appendix I, there must be Sc peanes 
Per Qe = Zi IT, and pir Qe = Zul (4) il as ia ee ae 
so that (2) may be written : 0 
CG) a ee ane eee ee pc Onan te Let R be a matrix consisting of the first (m + m) 
+ Din Qn) [¢ (2, t) + ¥ (2, O)] (5) rows and columns, and the first (m + n) elements of 
n n ? , . . 
: : row (n + m+) in the above determinate. 
The total potential at x and ¢ therefore is Latha harchatdavetinatasotiriex (Gesamte 
Vi=heG. FO +Prmey Qmant. +. + Pin Qn) F(O) by canceling row (r) in matrix R. Then the expansion 
+ (per gs’ +... . + Dmk Im’) + (Pi Qit+...- of the determinate for Viniz) in terms of its minors 
+ Pak Qn) [ (&, t) + ¥ @, t)] (6) takes the form 
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(b himse) Romintiy +b Reis Rimtny + a hire tae 


Vink kis 


R ntn +1) 
+ bhi Rens: — bn Rn - . . 2 . — hy Ry) (10) 
but 
R, ee R» et = A = PSS 0 (11) 


as may be seen by expanding them in terms of the 
minors for which the cofactors are the lower right hand 
elements. Since these elements are in an isolated 
block, (surrounded by zeros) m elements wide by 
(m + 1) deep, a point is eventually reached in the 
expansion, for which the remaining minors contain a 
solid row of zeros, and therefore vanish. 

So Equation (10) finally reduces to the determinate 


Ub teow etne EA. Pmi hy 
Pim eo) Rett eh TS Wein DPmm lies 
m+k iene Pe Ge 
Tn eC Pi(m+k) Pm(m+k) Uom+hk) =b GD (12) 
WOSGIE Ro Sty oper: sat oe on 
Pim a) fat) 5) eC) DPmm 


Thus showing that the potential appearing on any line 
wire (m + k) is independent of the other line wires, 
and involves only the heights and potential coefficients 


of that conductor and the ground wires. The potential 
is directly proportional to the function. 
b= > (x,t) + ¥ (@, t) (13) 


related to the distribution of bound charge f (x) and 
the law of cloud discharge F (t). 

If there were no ground wires the potential would be 
(putting h, = h,, = 0 in Equation (12)) 


V wee! = b G him+-k) (14) 
The protective ratio therefore is 
V mtb) D 
Phe = 15 
V cain Rent) ( ) 


from which specific cases may be computed. This 
solution is identical to that given by the conventional 
method of calculation based on the assumption of 
purely static conditions Thus the protective ratio is 
independent of the law of cloud discharge, of the initial 
distribution of bound charge, and of the traveling waves 
which are formed; and depends only on the geometric 
configuration of the system, as specified by Maxwell’s 
coefficients and the heights of the conductors above 
ground. 


Appendix III 


PERIODIC RESISTANCE GROUNDING OF GROUND WIRES 


Consider a transmission line consisting of any number 
of line and ground wires struck at the tower by a light- 
ning bolt. Suppose that the ground wires are grounded 
at regular intervals through resistances R (due to the 
tower and its footing). Following the procedure of 
Fortescue, Atherton, and Cox, in their paper Theoretical 


GROUND WIRE THEORY Transactions A. I. E. E. 


and Field Investigations of Lightning, (A. I. E. E. 
TRANS., Vol. 48, April 1929, p. 449), the lightning 
bolt will be represented by a surge impedance Z,. 
Moreover, since all of the ground wires are connected 
together at the tower, they will carry identical potential 
waves, and therefore a single equivalent ground wire 
may be substituted as shown by Equations (38) to 
(42) in Appendix I. However, since the line wires are 
not constrained to carry equal potential waves, no such 
equivalent conductor can be substituted for them. 
In fact, each line wire acts quite independently of the 
others. Accordingly, then, call the equivalent ground 
wire, conductor 1 and number the line wires from 2 to 
n inclusive. The circuit is indicated in Fig. 8. From 
the point of strike let the towers be numbered 1, 2, 3, 
etc. Traveling waves arriving at the towers are 
reflected and refracted, so that there is a great complex- 
ity of superimposed waves involved. The problem 
of their determination is divided into two parts, first, 
the derivation of the reflection and refraction operators, 
and second, the development of a scheme for keeping 
track of the multiplicity of them. 

Referring to Equations (50) and (51) of Appendix I 
and substituting 


U,=W 30, Ns=s 22 N5=O, N= Ree 
there results after some obvious rearrangement, the 
system of equations 


Yura di dae oe Limi fect eten 
= Mi (fi =r F,) 


ate Yon(fna—Fr—fn") a 0 


f ete F iy == Af i” 
Ti =F | Dm = Pac 
(1) 
Substituting f,” from the last » equations into the first 
n equations and solving, there is 


rl 


R 


where M,, is the minor whose cofactor is Y;, in the 
determinate D formed by the arrangement of Y’s in 
the first equations of (1). Then by a comparison of 
Equations (33) and (35) in Appendix I it is evident 
‘that M,,/D = Z,:. When (r = 1) there is 


M,, 
Bp ayia ag a ae (fi: + F:) (2) 


F,= 


SR +7, fi = af, (3) 
and substituting this value back into (2) 
P= pee heh (4) 
— 2R+2uy 
and then from the last n equations of (1) 
fahthagpaphn=th © 
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jf =f-+ F, =fr+ch (6) 
Equations (3), (4), (5), and (6) specify the behavior 
of waves at all towers except the one struck. These 
equations are the same (except for a difference in nota- 
tion) as those derived by Cox and Slepian, although 
their solution was restricted to the case of a single 
ground wire and a single line wire. Notice from 
these equations that the ground wire and each line 
wire behave as though the other line wires were not 
present. 


At Tower No. 1, where the bolt is assumed to strike, 
the initial wave impressed on the ground wire, in terms 
of the lightning voltage e,, is 


fae =( 


and the voltage induced on the other wires is 


Zir 
( Barnes 


Waves arriving at Tower No. 1 from along the line and 
ground wires (due to reflections from other towers) 
are reflected therefrom as 

Sh eee hi 1 


r= 2Z4,R— Z21(Z,+ R) 
aes 22,8 + Zi (Z. + R) 
2Z12.(R + Z,) 
Fp = f,— lege | hen tes 


The potential wave passing from the lightning bolt to 
the ground wire ise;. This initial wave will eventually 
give rise to such a multiplicity of reflections and re- 
fractions, that it is hopeless to keep track of them with- 
out some graphical or tabular system. The author’s 
first attempts in this direction were with rectangular 
lattices, which proved unsatisfactory. Mr. S. T. 
Maunder suggested a diamond shaped lattice which not 
only avoids interference, but furnishes a uniquely 
beautiful means for observing the time of arrival of all 
waves at all junctions, and shows at a glance the direc- 
tion of propagation of the waves. The schemes shown 
in Figs. 9 and 10 show the application of this lattice to 
the ground wire problem. In this case, since all re- 
flection and refraction operators are constants, the 
waves are reflected and transmitted without change of 
shape. But the lattice is also applicable, in conjunction 
with operational calculus, to junctions having induc- 
tances and capacitances. Indeed, in studying repeated 
reflections from terminal apparatus subjected to arti- 
ficial lightning waves, the author has found these 
lattices indispensable. 

Referring to Fig. 9, the vertexes of the lattice repre- 
sent the towers, or resistance junctions, and fall at their 
appropriate intervals. At the left is the time scale 
measured in the units of time 7’ required for a wave to 
travel the distance of one span. In this scheme it is 
evident that waves can only “slide down hill.” The 


2R Zi 


Za RELY OF RED 


fe rah ce (8) 


(9) 
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lightning bolt strikes at Tower No. 1 causing a voltage 
é:, Equation (7), to appear on the ground wires, and a 
voltage e,, Equation (8), to appear on the line wires. 
These waves reach Tower No. 2 where they reflect and 
refract in accordance with Equations (3), (4), (5), and 
(6). The transmitted waves pass on to Towers No. 2, 
3, etc., at each of which there is a reflection. 

In ree at any Tower k and time m T, (where m 
is integer), a series of waves are arriving simultaneously 
from the right and left. For each wave on the ground 
wire striking a junction (other than Tower No. 1) a 
fraction a is reflected back towards its origin and a frac- 
tion b passes through as a transmitted wave. At 
Tower No. 1 a fraction a@ of a returning wave is reflected. 
On the line wires the situation is slightly more com- 
plicated. Equation (4) shows that the reflected wave 
on the line wire depends only on the incident wave on 
the ground wire, by a fraction c, and Equation (6) 
shows that the transmitted wave depends on the in- 
cident waves of both the line and ground wire. There- 
fore the lattice for the line wire cannot be constructed 
until after that for the ground wire is completed. 

Thus these lattices adequately account for the vi- 
cissitudes of the numerous waves, and the actual dis- 
tribution as function of time at any tower, may be 
found by superimposing the various waves displaced by 
the time lag of the instants of arrival as shown by the 
time scale to the left of the lattice. Moreover, the 
superposition is valid for waves of any shape. If 
all tower resistances are different the method can still be 
applied, except that the operators a, b, c would be 
different at every junction. The equations for the 
potentials at the first few towers, as obtained from the 
lattice, are given at the foot of Figs. 9 and 10. In this 
notation e, («— 3 T) means a wave having the same 
shape as the initial wave e; = e, (t), but arriving 3 T 
later, that is, displaced by that amount on the time axis 
of superposition. 

In Fig. 11 are shown, as function of the tower resis- 
tance, the potentials on the ground and line wires, and 
their difference, for the first three towers. Also there 
are plotted in this figure the potentials at the first three 
towers as functions of time for a tower resistance of 100 
ohms, and an infinite rectangular initial wave. It is 
evident that the lower the tower resistance, the greater 
the reduction in all voltages, and the fewer the number 
of spans included by the danger zone. 

The above results apply to the case of a lightning 
stroke at the tower. When the direct hit strikes at mid- 
span the situation is more complicated to analyze, but 
less severe in effect at the tower. On the assumption 
that there is more.than one ground wire present, but 
that only one ground wire is hit, the waves at mid-span 
may be computed by Equations (7), (8), and (9) making 
R = o,and using the surge impedance of the single 
ground wire hit, instead of the “equivalent’’ ground 
wire. At the tower a new set of equations similar to 
Equation (1), must be solved. The lattice is also 
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somewhat different, since the wave travel between the 
lightning bolt and the adjacent tower is only 7'/2. 
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Discussion 


J.E.Clem: There are two points in Mr. Bewley’s paper which 
I would like to bring out. Mr. Bewley discusses the use of a 
ground wire for preventing direct hits on the line and points out 
that the spacing from the line wires up to the direct hit wire must 
be in the order of 35 ft. It has been learned during the past few 
years from the general study of lightning that the ground wires 
have given a definite improvement in operating records through 
the reduction in the number of outages. Evidence obtained dur- 
ing the past year apparently has indicated that a large number of 


TABLE I 
Surge impedance Protective ratio 
No. 
ground 1862 £ Traveling 
wires 3 Induced potential wave 
Oso 44-2.8 1 1 
1¢|3A4 
3 Bug’ hg Bug 2 
EATS) AOR ~ Is org are eeingy F 
ie ae 
Biyg* ) = i 
1¢ 3( a 
6 Bio" ; hg 2 Bug A 
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3 @ means calculations are made for the three line wires together, which 
gives the net surge impedance or the average protective ratio. 
1 @ means calculations are made for one line wire only. 


Transactions A. I. EK. E. 
TABLE II 
Protective ratio Protective ratio 
No. Surge impedance induced potential traveling wave 
ground ——————————_-—_—- 
wires 3 1@ 3 1¢ 30 1g 
0 212.7 467.7 1 1 1 1 
0-1 193.8 442.4 0.738 0.696 0.954 0.973 
0-2 183.7 432.3 0.584 0.540 0.927 0.961 
0-3 YW Gf fea) 427.8 0.474 0.440 0.910 0.956 
O—-4 174.6 426.0 0.400 0.372 0.902 0.954 
1—2* 0.791 0.974 
1-3 0.642 0.956 
1—4 0.542 0.948 
2-3 0.812 0.983 
2—4 0.753 0.975 
3-4 0.844 0.992 


3 ¢ calculations based on 3 line wires net surge impedance average 
protective ratio. 

1 ¢ calculations made on middle wire. 

*Indicates passing from section haying one ground wire into section 
having two ground wires, etc. 


outages from lightning is caused by direct hits. These two facts 
taken together indicate that the ground wire as ordinarily in- 
stalled can operate in many cases as a direct hit wire and that 
it may not be necessary in practise to use as great a separation as 
indicated. 


A=log2h 


B=log& 

: 3 

h=¥ hy he hs 
a) 

Vans 

R= -VRRoRs 


3 
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The practise of increasing the number of ground wires over the 
section of line adjacent to the station has been extensively advo- 
cated during the past few years. The additional ground wires 
near the station improves the protection on the basis of induced 
strokes and direct hits. It is surprising, however, what little 
reduction there will occur in the voltage of a traveling wave when 
passing into a section of a line having a greater number of ground 
wires. 


I have made calculations for a horizontally spaced line with 
1, 2, 3 and 4 ground wires such as illustrated in Figs. 6a, b, e, d. 
The calculations were made in accordance with the formulas in 
Table I, and the terms used are defined in Figs. 1, 2, 3, 4 and 5. 
The derivation of these formulas will be given as an appendix. 
The results of the calculations are shown in Table II. The ealeu- 
lations were made for three conductors together (3 @) which 
method gives the average protective ratio, and for a single wire 
(1 d). For the single wire calculations the center wire was chosen. 
The protective ratio for induced potentials given in the tabula- 
tion is the analytical value and it should be remembered that the 
protective ratio actually obtained in practise is somewhat better. 
The protective ratio for a traveling wave is defined as a ratio 
of the transmitted wave to the incident wave. 

In no case is the voltage of a traveling wave reduced more than 
10 per cent. But for a case where a line with no ground wires 
has three or four ground wires added near the station the redue- 
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tion is nearly 10 percent. If, as in the usual case the line already 
has two wires and two more are added the traveling wave is 
reduced 21% per cent and the protection from induced strokes 
improved 25 per cent. In the laboratory tests to determine the 
protection of ground wires it was found that the reduction in 
voltage was considerably more than the calculated value but not 


Ground wire 


Ag=log ona 
Bwg= log sa 
ig itr 

Rwg= VRi Rp Rs 


3 
Swg= V S1S2S3 


Jigen Pe 


more than twice as much. If this same condition holds for 
traveling waves we might expect a reduction of 5 per cent in 
voltage when passing from a section of line with two ground wires 
to a section having four ground wires, or of 10 per cent when pass- 
ing from a section of line having one ground wire to a section 
having three ground wires. It appears from this that the use 


2 
1+2are Ag log = 
1 ground "9 
wires 
_ Rg 
Bg= log Sa 


R 
Bwg= log =a 


Hg =V hy he 
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Calculate the effective 
image and direct spac- 
ing for the individual 

round wires according 
to fig.2. Callthe results 
Rand Ro,Syand Sz and 
then 


Rwg = Ry R2 
Swag = VS1S2 


of additional ground wires adjacent to the station cannot be 
justified on the basis of the voltage reduction occurring in travel- 
ing waves when passing the junction. Further study may, 
however, indicate that the use of these extra ground wires adja- 
cent to the station is justifiable from the benefits derived through 
the reduction of direct hits and induced potentials. 
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APPENDIX 
It has been shown elsewhere! that the total capacitance to 
ground in microfarads per mile of three wires in parallel is, 
approximately 
0.03883 
A+2B 


For definition of A and B see Fig. 1. 


Ground _1 2 3 se 
e e e+ Nires 7° e ® ® 
e e ea Line — 
ie wires = = e 
Fig. 4 Bresao 


Calculate the average image and direct spacing of each ground wire to 
the line wires according to Fig. 2. Call the results Ri, Re ete., Si, So, etc, 


Rwg = ~/ Ri Re Ri Rwg = \/ Ri Ro Ry Ri 
Sie a Sees Siig SIA Si SUSE 
The average spacing of the ground Rg = a/ Rio Rig Rig Roz Ros R34 
Sg = a/ Si2 S13 S14 S.3 Sos S34 


wire to themselves is calculated ac- 
cording to Fig. 1 


Fie. 6 


In the same manner it can be shown that the inductance in 
millihenrys per mile of three parallel conductors against ground 
is, approximately 

0.7411 
3 


ies (A +2B)_ 


1. Arcing Grounds, J. E. Clem, A. I. E. E. Trans., Vol 49, July, 
1930, p. 987. 
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In this expression the inductance within the conductor material 
is neglected. 
The surge impedance is defined as 


Z L _ 188.2 
i= C 3 

This expression assumes that the so called neutral plane is 
at a distance A below the conductor and makes no allowance for 
any voltage drop in the earth itself. This is the conventional 
method. I expect to submit a paper in the near future showing 
that there is an appreciable voltage drop occurring in the earth 
itself. The manner of dealing with additional ground wires is 
given in the references.! 


(A +2 B) 


The derivations of the protective ratios for induced strokes has 
been given previously.’ 

A.O. Austin: Mr. Bewley has givenavery fine mathematical 
treatment of the ground wire theory which at best is very com- 
plicated when reflected waves are taken into consideration. The 
application of the ground wire is becoming more complicated 
and it is hoped that Mr. Bewley may continue his analysis for 
other conditions. 

By studying the performance of transmission lines, I came to 
the conclusion some years ago that the ground wire was of very 
material benefit in reducing potentials on the transmission line 
in most eases. There were, however, some cases which indi- 
cated that the presence of the ground wire was anything but 
beneficial in dampening out transients. It is not difficult to 
make comparisons in which it could be shown that the tendency 
of the ground would be to lower the natural period and also to 
reduce the attenuation. 


Conductor 


It is believed that the ground wire should have three functions: 

1. Prevent direct hits to the conductor. 

2. Inerease the effective capacitance of the conductor to 
ground thereby reducing the magnitude of the potential with the 
release of a bound charge. 

3. Dissipate the energy of the transient in the power 
conductor. 

Mr. Bewley has shown that ground resistance is not as serious 
as generally believed. The lattice used for studying the ground 
wire is very ingenious and should be of material benefit in study- 
ing a problem which is becoming more complicated with a control 
of the energy dissipating characteristics of the ground wire. 

Referring to Fig. 7, if we assume that the conductor has a 
traveling wave, a corresponding charge or wave will be induced 
in the ground. Outside of corona losses, the magnetic field set 
up by the traveling wave will produce losses in the ground or 
nearby objects. In addition, the flow of the corresponding 
charge in the ground will produce J? R losses. It is evident that 
if the resistance in the path of the induced current is zero that the 
I? R losses will be zero. If the conductor had zero resistance as 
well, the wave could travel on indefinitely without attenuation. 

In Fig. 8, a ground wire has been added. The magnitude of 
the charge on the conductor is reduced over that in Fig. 7 owing 
to the electrostatic capacitance of the ground wire. The travel- 
ing wave or charge induced in the ground is also reduced by an 
amount equivalent to that taken up by the ground wire. 


2. Discussion, J. E. Clem, A. I. E. E. Trans., Vol. 49, July 1930, 
p. 1119. 
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In general the potential of the bound charge on the ground 
wire is considerably less than that on the conductor where 
the induced potential on the ground wire is not sufficient to 
cause corona, the presence of the ground wire will therefore re- 
duce the potential and corona loss on the power conductor. 
This results in less attenuation. The ground losses are also less. 
This is particularly true where the resistance of the ground wire 
is low and the traveling wave on the conductor positive. If the 
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traveling wave on the conductor is negative and the potential 
very high or the diameter of the ground wire small and near the 
power conductor, corona loss may be induced on the ground wire. 
In this case the ground wire may increase the attenuation. In 
general, however, it may be said that whether or not a ground 
wire increases or decreases the attenuation depends upon the 
magnitude of voltage, the size of the conductor and the polarity. 
The general effect, however, is to reduce the attenuation which 
tends to place a higher voltage on the station at a distance than 
where no ground wire is used. 

To obtain the advantage of the ground wire in reducing the 
potential through an increase in electrostatic absorption, and 
at the same time using it as a shock absorber or energy dissipator, 
has led to the sectionalized, or ground wire with controlled 
impedance, one form of which is shown in Fig. 9. This is the 
same as Fig. 8 except that the ground wire is sectionalized so 
that the bound charge opposite that in the power conductor is 
caused to flow either through the high footing resistance or across 
an impedance R&S. 

In order to prevent loss in the footing resistanee or in resistance 
which may be placed in the downleads, these resistances may be 
placed in series with a gap which will not discharge at normal 
voltage but which will discharge under a transient. Another 
method of reducing the loss at normal frequency is to shunt the 
resistance with a reactance which will have but little loss at 
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normal frequency. It is evident that the bound charge upon 
the ground wire under this condition is made to dissipate energy 
in the resistances or discharge gaps which may be very material. 
As the energy dissipated in the ground wire must come from the 
power conductor, this type of ground wire will dissipate the 
energy of the traveling wave and greatly increase the attenuation. 

Considerable attention has been given to the characteristics 
of the ground wire so as to make it dissipate the energy of the 
transient in the conductor and it would seem that this type of 
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ground wire may be used to advantage in many installations not 
only to dissipate the transient in the power conductor but to 
reduce the magnitude of current in the ground wire which may 
cause inductive interference under normal operating conditions. 
While this tends to complicate the study of the ground wire, it 
would seem that there can be little question as to the efficiency 
of the method. 

A high tower footing resistance is not necessarily a disadvan- 
tage, as the traveling wave on the ground wire, due to the release 
of a bound charge, will tend to raise the potential of the tower 
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thereby reducing the potential across the insulator. This, of 
course, is not true in all cases but tends to offset the disadvantage 
of a high ground resistance. 

It would seem that a high footing resistance might not be 
detrimental providing the effective capacitance of the conductors 
to ground is not decreased. It would seem that increasing the 
effective electrostatic capacity between the conductor and 
ground is of greater benefit than the reduction in resistance in 
the tower footing. As the two generally go together, the benefits 
derived from a high capacitance to ground may be attributed to a 
low footing resistance. ; 

Fig. 10 supports the theory that the effect of the ground wire in 
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producing attenuation depends upon the magnitude of voltage 
and polarity. Here it will be noted that the discharge occurs on 
the positive wave. In Fig. 11 it will be seen that the size of the 
conductor and potential is such that no discharge takes place. 
As pointed out, the loss affecting attenuation may take place 
either on the power conductor or the ground wire. Reflections 
which materially increase the potential may increase corona 
losses and attenuation. 

To obtain the practical benefits of the ground wire it may be 
necessary to take into account the effect of ground resistance in 
raising the potential of the tower as well as the electrostatic 
absorbing capacitance of the ground wire. In addition it is very 
important that the size of conductor and ground wire together 
with the polarity of the transient be given consideration in deter- 
mining attenuation. It is also necessary to give careful attention 
to the impedance of the ground wire where the ground wire is 
sectionalized and absorbing resistances are used. 


J. T. Lusignan, Jr.: Oneof the most thorough contributions 
to our knowledge of the ground wire theory since Petersen’s 
paper appeared in the H.T.Z. of Jan. 1, 1914, is the paper 
presented by Mr. Bewley. A number of different values for the 
protection afforded by ground wires against lightning induced 
voltages, has been given to us by various investigators, some 
calculated and others measured in the field or laboratory. I am 
sure that many of us have wondered wherein lay the difference 
between these values, and which of them could be taken as cor- 
rect. Mr. Bewley has clearly pointed out the relations between 
the different methods used, and has shown them to be truly 
equivalent as far as ideal ground wires are concerned. This 
then allows us to use with assurance the old conventional method 
of calculation for static conditions. With a maximum tower foot- 
ing resistance value of 75 ohms given in Mr. Bewley’s paper, the 
transmission line designer should now be able to pre-determine 
with fair accuracy the induced voltage protection he can be 
expected to have under given ground wire arrangements. 

With respect to the curves of Fig. 13 some readers might be- 
come unduly alarmed at the high voltages reached between con- 
ductors and ground wire in midspan for a stroke to the-ground 
wire there. However, I believe that Mr. Bewley merely intends 
the voltage represented to be that existing at the first instant, as 
he apparently does not take into account wave travel and reflec- 
tions. Actually the voltage is considerably reduced after the 
waves have had a chance to travel to the tower grounds and to bé 
reflected back at opposite polarities. The total time for a 1,000- 
ft. span would be of the order of a microsecond, and the voltage 
reduction would of course be greater, the lower the footing 
resistances. 

L. V. Bewley: Both Mr. Clem and Dr. Lusignan have sug- 
gested that the 35-ft. elevation of the direct hit wire about the 
power conductors advocated in the paper is probably higher 
than necessary except in the case of the most severe lightning 
stroke. The figure corresponds to a 10,000,000-volt lightning 
stroke at midspan having a front not exceeding the length of 
the span, and the impulse flashover characteristic of a needle gap. 
If the front is longer than the length of the span, there is time 
for the reflections of opposite polarity from the towers to arrive 
at midspan and reduce the potential. The amount of this 
reduction is indicated by the lower curves marked (tower) of 
Fig. 13 in the paper. The potential difference between the line 
and ground wires drops from 9,250,000 volts down to 1,500,000 
volts at the first reflection, so the danger of side flashing is 
greatest during the interim preceding the first reflection. Since 
natural lightning waves having a front of the order of one micro- 
second have been measured by cathode ray oscillograph stations, 
it seems reasonable to decide the elevation of the direct hit wire 
on the basis of the maximum lightning voltage and the one 
microsecond needle gap spark-over in air, and any lowering of 
that elevation must be accepted as a departure from 100 per cent 
protection. 
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A rational determination of the most economic elevation for 
the direct hit wire must depend upon the probability of 
oceurrence of the most severe strokes. If the great majority of 
lightning strokes are below 5,000,000 volts and only an occasional 
one goes up to 10,000,000 volts, then there may be little justifica- 
tion for going to the expense of a high direct hit wire. In any 
event, to protect a line against a specified tightning voltage four 
conditions must be met: (1) The direct hit wire must be high 
enough to prevent side flashes from occurring, based on needle 
gap characteristics, before the reflections of opposite polarity 
have arrived. (2) It must be high enough to include the power 
econduetors inside its protective wedge for the lowest clouds. 
(3) The insulator string must be long enough, based on its own 
characteristics, so that the potential difference at the tower 
between line and ground wires is not sufficient to cause a flash- 
over. (4) The clearance of the power conductors at the tower 
must be great enough, based on needle gap characteristic, to 
prevent a fiashover. These requirements are best met by (a) 
low line conductors in horizontal plane, (b) short spans, (¢) line 
following the valleys and depressions rather than the ridges, (d) 
low tower footing resistances. However, these ideals usually 
conflict with the dollars and cents point of view. 

Mr. Clem has given some interesting figures on the effect of 
introducing extra ground wires, showing that they give very 
little reduction of an incoming surge. His calculations agree 
with the statement under the section on Introduction of Extra 
Ground Wires and the simple ealeulation under Case [[I— 
Appendix I of the paper. In view of Mr. Clem’s contribution I 
am appending to this discussion the general solution for any 
number of conductors and any number of ground wires before 
and after the transition point where the extra ground wires are 
introduced. My solution does not agree analytically with the 
expressions given in Mr. Clem’s discussion, because no approxi- 
mations are involved in my general equation. While extra 
ground wires reduce an incoming surge by only a few per cent, 
yet that few per cent may prove sufficient so that one or two 
insulator disks can be removed; thereby conforming to the 
principle of coordination of system insulation without changing 
the factor of safety of the line insulation. In other words, a line 
section having extra ground wires and one or two less disks is 
no more liable to flashover than the fully insulated sections with- 
out extra ground wires. This advantage, coupled with the fact 
that the section next to the station is better protected against 
both induced and direct strokes may justify the extra ground 
wires. However, the above argument is worthless if the extra 
ground wire section is only a few thousand feet long. It must be 
long enough so that successive reflections will not have a chance 
to build the voltage up to values that would exist without extra 
ground wires; and this means that if extra ground wires are used 
at all that they should extend out from the station for five or six 
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miles. This length also takes care of the requirement mentioned 
in the paper. 

The effect of ground wires on attenuation, discussed by Mr. 
Austin, has been studied experimentally by MeKachron, Hem- 
street, and Rudge’ with artificial traveling waves, and their 
conclusions seem to fit in fairly well with those of Mr. Austin. 

The idea of increasing the dissipative effect of ground wires by 
including high resistances in the discharge path may operate to 
increase the attenuation, but delays and decreases the efficiency 
of the normal function of ground wires as protection against either 
induced or direct strokes. Mr. Austin’s suggestion that a high 
tower footing resistance is not necessarily a disadvantage is 
not tenable either from the point of view of the protection of 
station equipment from induced voltages, or of station and line 
insulation from direct strokes. Its sole advantage is in reducing 
the potential across the insulators for induced strokes. 


APPENDIX 


Let there be n line wires numbered from 1 to nm inclusive. 
Then Equations (80) and (51) give for the junction where the 
extra ground wires are introduced 


Yalfi — Fi) +... + Yin(fn —Fn) = Yui” +... Sani. 
Yni(fi —F) Spin ASP Vina —F,) a Ynrv fi” + me Ha 
(fi: + Fi) = ite 
fn + Fr) = fn” 
Rearranging, there results : 
(Yu + Yr) fr” =| aes (Yar +> Yin) fn” 
=2 (Yui SP ania Se Varin) = hy 
Garr ae Yni) fr” ie we OG = Sia 
=2 Onan Sie odo) aie Arnis) Ch 
Hereby the transmitted wave on conductor r is 
CMa Ue) Oy 249k age Sie aun) 
ae (Yar + ua: - Gn -.. Qe, t= Yan) 
: (Yu + yu) s . (Vie byir) ~ (Yin £m) 
(Yn Se Yni) eee (Var Se Ynr) Giihs (One 3c Ynn) 


where the Y’s are the surge admittances on the incoming side of 
the junction, and the y’s are those on the extra ground wire 
side of the junction. The ground wires do not enter the equa- 
tions, except in so far as they change the surge admittances. 
Hereby the transmitted waves for any combinations of incident 
waves may be computed. 
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The Influence of Polarity on High-Voltage 
Discharges 


F. O. McMILLAN: 


Member, A. I. E. E. 


Synopsis.—An experimental investigation of the influence of 
polarity on high-voltage discharges is reported in this paper. Par- 
ticular attention is given to those discharges used in high-voltage 
measurements. 

A theory of the formation of Lichtenberg figures is given together 
with experimental evidence wpon which it is based. A polarity 
andicator utilizing visual Lichtenberg figures is described. 


INTRODUCTION 


| | Ea ception discharges in two principal forms 
are very extensively employed in the measure- 

ment of high electrical potentials. For a number 
of years spark gaps of different types have been in 
general use and recently extensive use has been made of 
photographic Lichtenberg figures in high-voltage 
studies. This paper covers a study of the characteristics 
of the discharges involved in spark gaps and Lichten- 
berg figures as affected by electrode polarity. 

At the present time the most important use of high- 
voltage discharges is perhaps in measuring gaps. The 
spherical-electrode type is the most reliable and is the 
type generally employed for accurate work. Other 
varieties such as those employing points and hemi- 
spheres are also used. All types of measuring gaps have 
definite limitations and care must be exercised in their 
use. Throughout most of the useful range polarity has 
a very pronounced effect upon the performance of all 
gaps having dissimilar dielectric flux distribution about 
the two electrodes. The investigation reported in this 
paper has to do largely with the influence of polarity on 
the spark-over voltage of different types of gaps. The 
ionization phenomena involved in spark-over and in the 
formation of Lichtenberg figures were also studied. 

Lichtenberg figures recorded photographically are 
valuable in the study of high-voltage transients. The 
magnitude and character of the voltage wave can be 
determined with good approximation from the records 
obtained when certain limitations are recognized. The 
development of the theory of the formation of Lichten- 
berg figures proposed in this paper led to the study of 
other forms of high-voltage discharges and the extension 
of the theory to explain the observed phenomena. 

A THEORY OF THE FORMATION OF LICHTENBERG 
FIGURES 


The Lichtenberg figures in common use for voltage 
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Results of 60-cycle and impulse tests on various types of gaps are 
gwen. It is shown that polarity has a distinct effect wpon the 
sparking voltages of all types of gaps. Impulse measurements 
with grounded sphere-gaps are shown to be subject to serious error 
unless the polarity effects are taken into consideration. 

An explanation of the influence of polarity on spark-over is 
proposed. 


- measurements are formed on photographic films or 


plates by the action of the dielectric flux between a 
small recording electrode and a plane or large cylinder. 
The plane or cylinder is insulated with sufficient dielec- 
tric material to prevent breakdown at the highest useful 
voltage which is as a rule approximately thirty kilovolts 
maximum. The dielectric flux passing from the record- 
ing electrode through the air and solid dielectric to the 
plate electrode is refracted through a large angle at the 
junction of the air and solid dielectric resulting in a high- 
voltage gradient on the surface of the solid dielectric, 
and therefore at the location of the photographic emul- 
sion or recording medium. When the potential differ- 
ence between electrodes is increased to a certain value, 
the free electrons in the immediate vicinity of the 
recording electrode are accelerated to the critical veloc- 
ity required to produce ionization by collision in the 
atmosphere under the particular conditions of air 
density prevailing. These ionization phenomena in the 
atmosphere surrounding the recording electrode are 
a normal corona discharge and are easily visible in a 
darkened klydonograph or surge-voltage recorder. 
(See discussion of polarity indicator.) The recording of 
Lichtenberg figures photographically is due to at least 
two phenomena, the light radiation both visible and 
invisible resulting from the recombination of the ions 
associated with the ionization by collision and the 
electronic bombardment of the silver salts in the 
photographic film emulsion. 

The Negative Figure. The negative Lichtenberg 
figure is characterized by fine, straight-line striations 
projecting radially from the recording electrode, 
(Fig. 14). This figure is formed by the repelling 
action of the negatively charged recording electrode on 
the free electrons in the surrounding dielectric field 
and on those extracted from the electrode. These 
electrons are driven radially outward because of the 
shape of the electric field and bombard the air molecules 
at the surface of the film as well as the silver salts in the 
emulsion, producing ionization by collision. Other 
electrons thus produced also move outward under the 
influence of the electric field leaving the heavy and 
relatively immobile positive ions behind. The figure 
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increases in size in this manner until the positive-ion 
space charge reaches a value large enough to reduce 
the negative field of the electrode below the ionizing 
potential at the edge of the figure. This condition of 
equilibrium will be reached quite quickly, resulting 
in a comparatively small figure, because the free elec- 
trons are swept out of the field, reducing the loss of 
positive ions by re-combination to a relatively small 
number and because the space position of the positive 
ions formed is such that a comparatively small space 
charge will neutralize, at the outer border of the figure, 
the effect of a large negative electrode potential. 


Fig. 1—LicuTensera Ficures 
A. 14.5 kv. unidirectional impulse 
B. 14.5 kv. quickly forced to O 
C. 14.5 kv. quickly reversed to 7.25 kv. 
D. 14.5 ky. quickly reversed to 14.5 ky. 
E. 14.5 kv. quickly reversed to 21.8 kv. 


When the electrode potential is decreased the mass of 
electrons forming a negative space charge at the outer 
border of the figure is released and drawn back toward 
the electrode by the positive ions, usually forming a very 
small positive figure superimposed on the original neg- 
ative. (Fig. 1A.) The higher the rate of removal of 
potential on the electrode, the more pronounced this 
effect becomes. (Fig. 1B.) 

The Positive Figure. Coarse striations that branch 
repeatedly at acute angles with the main striation much 
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like the tributaries of a stream characterize the posi- 
tive Lichtenberg figures, especially those formed by 
impulse voltages of comparatively short duration. 
(Fig. 14.) This figure is formed by the attraction of 
the free electrons in the field of the positively charged 
electrode. The electrons move radially inward toward 
the positive recording electrode bombarding the air 
molecules at the surface of the film and the silver salts 
on the photographic surface producing ionization by 
collision. As the electrons are swept from the field a 
positive space charge, composed of the relatively immo- 
bile positive ions produced by ionization by collision, is 
left. This space charge is positive and adds its field 
to the positive field of the recording electrode causing 
the figure to grow outward. This growth of the 
figure continues until the positive voltage gradient. at 
the edge of the figure, due to the combined effect of the 
potential on the electrode and the positive space charge, 
is less than the ionizing gradient. The positive 
figure is therefore always larger than the negative 
figure for a given voltage because the positive space 
charge subtracts from the field of the negative elec- 
trode and adds to the field of the positive electrode. 

The branches of the positive striations are probably a 
secondary phenomena caused by the combined action 
of the electrode field and the space charge located at the 
main body of the striation. Electrons located in the 
space between striations will then have two forces 
acting on them, one roughly at right angles to the main 
striation and one radial with respect to the electrode, 
therefore they will move toward the electrode along the 
resultant of these two forces. The action of these forces 
will cause them to flow into the main striation at an 
acute angle if they start at sufficient distance from the 
main electrode to allow the previously formed positive 
space charge to produce sufficient deviation from the 
radial path. 

As in the case of the negative figure, the positive- 
figure space charge also forms a small figure, of negative 
polarity, when the electrode potential is suddenly re- 
moved, but in a different manner. The positive space 
charge holds the area surrounding the electrode at a 
positive potential while the electrode voltage drops 
below the space value causing the electrode to become 
negative with respect to the space and hence electrons 
flow out along the striations superimposing a small 
negative figure on the positive. (Figs. 1A and B.) 

Investigation of Lichtenberg-Figure Space Charges. 
To definitely establish the existence of a persistent 
space charge during and immediately after the forma- 
tion of Lichtenberg figures a circuit was devised for 
quickly reversing the potential during the formation of 
the figures. This circuit and the type of wave pro- 
duced are shown in Fig. 2. It will be observed that by 
adjusting the water-tube resistances R,, R. and R; and 
sphere-gaps G, and G, the magnitude of the initial 
potential and the amount of reversal applied to the 
klydonograph can be readily controlled. A _ series 


March 1931 


of four Lichtenberg figures taken with this circuit is 
shown in Fig. 1, parts B to E, inclusive. The voltages 
_ used ranged from 14.5 kv. maximum, quickly forced to 
zero, to 14.5 kv. quickly reversed to 21.8 ky. 

In all of the Lichtenberg-figure records the initial 
negative figure was formed on the left, the initial posi- 
tive figure on the right and figures of the reverse polarity 
were superimposed on these. Therefore all of the posi- 
tive figures on the left are superimposed on negative 
figures and all of the negative figures on the right are 
superimposed on positive figures. All of the super- 
imposed figures show a very definite change due to the 
space charge formed by the original figure. For values 
of reversed potential up to 50 per cent, the superim- 
posed positive figures are entirely confined to the area 
ionized by the previous negative figure. For values of 
reversed potential of 50 per cent and greater the positive 
ionization breaks over the boundary of the previous 
negative figure. The negative figures superimposed on 
the positive grow progressively larger as the reversed 
potential is increased and follow the ionized paths pre- 
viously formed by the positive striations. Both the 
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Fig. 2—Crecuit ror Quickity REVERSING THE IMPULSE 
PorentiAL DurInG -THE FoRMATION OF LICHTENBERG 
FIGURES 


positive and negative figures are altered in size and 
character by previous ionization. ‘The positive figures 
are reduced in size until well beyond the boundary of 
the previous ionization. The negative figures are very 
much larger than normal. 


THE INFLUENCE OF POLARITY ON SPARK-OVER 
PHENOMENA 


Polarity Indicator. The determination of instan- 
taneous polarity in high-voltage circuits has heretofore 
involved the use of the Duddell type of oscillograph 
for low-frequency studies and the Dufour cathode-ray 
oscillograph or the klydonograph for impulse voltage 
investigations. All of these methods depend upon 
photographically recording the phenomena. These 
photographic methods are very accurate and reliable 
but because of the time and expense involved, limit most 
investigations to a comparatively few observations. 
When this investigation of the influence of polarity 
on high-voltage discharges was started in 1929, it was 
found that photographic methods for determining the 
polarity of flashover were so’time consuming that it 
was not practical to continue the study by that method. 
A very much faster means was needed that would be 
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equally reliable. It seemed reasonable to expect that 
Lichtenberg figures could be mace visible by the use 
of some florescent screen in the place of the photo- 
graphic film and some work was done to investigate this 
possibility. It was found that with a properly con- 
structed instrument the characteristic Lichtenberg 
figures produced by transients lasting only a few micro- 
seconds were easily visible from the ionization of the air 
surrounding the electrodes without the aid of any 
florescent material. This instrument is shown in Fig. 3. 


Fig. 


3—Po.Larity INDICATOR 


The polarity indicator consists essentially of two 
pairs of oppositely connected electrodes enclosed in a 
light-proof viewing hood. Both the positive and nega- 
tive Lichtenberg figures are seen simultaneously by the 
observer and hence the polarity of the discharge is 
definitely established. The observer is therefore able 
to make polarity determinations in very rapid succes- 
sion and a large number of observations can be made in 
a short time. Each of the curves in this paper was 
determined from a thousand or more individual spark- 
aver observations and the time element was of consider- 
oble importance. 

For polarity determinations during 60-cycle tests the 
instrument was connected as shown in Fig. 4. The 
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capacitance C of the high-voltage circuit is charged by 
the alternating potential and at the instant the test gap 
breaks down, is discharged through the resistance Rf. 
This sudden impulse current through the polarity- 
indicator resistance R impresses a high voltage on the 
indicator. The impulse voltage has the same polarity 
as the 60-cycle voltage at the instant the gap sparks 
over and is much larger than the voltage that follows 
due to the dynamic current. 

During the impulse tests the polarity indicator was _ 
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connected as shown in Fig. 6. In this case it is not pos- 
sible to employ a resistance in series with the test gap 
because the high charging current would produce a 
voltage drop that would affect the gap spark-over. 
To avoid this difficulty, the polarity indicator was con- 
nected across a portion of the charging resistance R;. 
With this connection the instrument has impressed on it 
an impulse voltage having the same polarity as the 
generator output. The normal 60-cycle charging 
current in R; does not ordinarily produce a_ visible 


Fig. 5—750,000-Vour ImpuLtseE GENERATOR 


figure and in all cases it is very much smaller than the 
impulse figure. ~ 

Impulse. Generator. The impulse generator used in 
the tests described in this paper is shown in Fig. 5. 
The circuit diagram is given in Fig. 6. The three 
condensers, C,, C2, and C; are charged in parallel through 
the graded resistances R,, Ro, R3, Ry, and R; by means 
of a high-voltage transformer. At the instant the volt- 
age on C, reaches the spark-over value of the 25-centi- 
meter gap G,, the circuit is effectively closed at that 
point and C, and C, are connected in series. The gap 
G2, which is set for a slightly higher voltage than G,, 
then sparks over and connects C3 in series with C, and 
C;. Gap G;, which is set for a slightly higher voltage 
than G», then sparks over allowing the condensers to dis- 
charge through the water-tube resistor R,. The volt- 
age drop across R, is impulsive in character and is 
applied to the test gap. The charging resistors Ri, 
R., R3, Rs, and R; are of sufficiently high resistance, 
relative to R., to have little effect upon the discharge. 
If the spacing of the initiating gap G, does not exceed 
approximately 8.5 em., both positive and negative im- 
pulses are obtained. However, as the spacing is in- 
creased up to that point when a large total number is 
taken the ratio of negative to positive impulses, becomes 
increasingly greater. This follows the characteristic 
shown in Figs. 12 and 13, 7. e., the positive and negative 
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spark-over voltages are not sufficiently different up to 
approximately 8.5 em. to cause the 60-cycle spark- 
overs to be all of one polarity. 

In the impulse tests described in this paper the initi- 
ating gap G, was never spaced greater than 8.5 cm. and 
hence a number of both positive and negative discharges 
are obtained from each series of impulses. Further- 
more, since the positive and negative spark-over voltages 
for the 25-cm. initiating gap are essentially the same up 
to 8.5 em., the positive and negative impulse voltages 
are practically identical in magnitude. 

Point-to-Plane Gap. The 60-cycle spark-over of the 
point-to-plane type of gap at all spacings, with the 
possible exception of very short distances, occurs only 
when the point is positive with respect to the plane. 
The spark-over voltage at a given spacing is the lowest 
of all gaps with the exception of the point to concave- 
surface types. Oncontinuousvoltagesat relatively close 
spacings the negative spark-over voltage is approxi- 
mately twice the positive and at longer spacings this 
difference becomes much greater. The continuous- 
voltage sparking potential of the point-to-plane gap is 
less when the point is positive and much greater when 
the point is negative than the d-c. needle-gap spark- 
over voltage for the same spacing. 

Pin-Type Insulators. Tests on high-voltage pin- 
type insulators of conventional design show that 60- 
cycle flash-over occurs only on the half of the voltage 
wave during which the conductor is positive. 

This phenomenon is due to the fact that a much 
higher voltage gradient exists at the conductor than at 
the pin and intense local ionization at the conductor 
and tie wire precedes flash-over. 

Impulse tests show that pin type insulators flash over 
at lower voltages when subjected to positive surges on 
the line than when subjected to negative surges, (Table 
1). For the impulse-generator wave used in these tests 
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the positive spark-over voltage of a 66-kv. pin-type 
insulator was 376 kv. maximum and the negative was 
427 kv. maximum. The positive impulse ratio was 
1.86 and the negative 1.55. This variation is quite 
large and shows that the insulation strength of trans- 
mission lines insulated with pin-type insulators is quite 
different for impulse voltages of opposite polarities. 
These tests further show that values of impulse flash- 
over voltage and impulse ratio should be defined not 
only by the voltage wave form used but also by the 


Mareh 1931 


polarity of the wave when the voltage gradient is very 
much higher at one electrode than at the other. 

Sphere to Plane. Spark-over tests at 60 cycles were 
made on a 6.25 cm. sphere-to-plane gap at various 
spacings up to and including 20 cm. using the polarity 
indicator. 

The tests revealed some very interesting and unex- 
pected spark-over characteristics. These data are given 
in Table II, and shown graphically in Fig. 7. For 
sparking distances between 0.5 cm. and 3.0 em. this 
gap always sparks over on the half cycle of the voltage 
wave which makes the sphere negative with respect to 
the plane and never sparks over when it is positive. 
For sparking distances between 3.0 and 7.0 cm., the 
gap may spark over when the sphere is either positive or 
negative with respect to the plane. In general, near the 
3.0-cm. spacing the negative sparkovers predominate. 
However, the data and curve show a peculiar irregular- 


TABLE I 
IMPULSE FLASH-OVER DATA FOR PIN TYPE INSULATORS 
Standard Mounting 


Insulator Positive Negative 
| = ered bats |e Sas © © =e She o o 
aé@si,eal ge| 25/ ¥8| 20] 28| 2S] PS] Zo 
apseeibawons mesa le Ss je Seg) ss ee et eisai) Sci os 
Be aad Fl wz 3 & Sisuile ehecsl ® a3 
See ae! eb | Se) be) seb ee lhe] Be ge 
A ge eaed| Sa} Se] aa] Sha | Sots Sh a ae 
45 202 278 227 253 1.25 354 264 309 1.53 
66 276 406 346 376 1.36 435 419 427 1.55 
Nore: Sixty-cycle flash-over on above insulators occurs only when 
line is positive. 


Barometric pressure 755.5 mm. 
Temperature, degrees centigrade 
Dry bulb 23.2 
Wet bulb 16.3 


ity in the polarity distribution of spark-over at sparking 
distances between 4.0 and 5.0 cm. This irregularity 
when first observed, was thought to be due to chance 
erratic distribution of spark-overs and it was believed 
that if sufficient observations were taken, the curve 
would prove to be a smooth transition from negative to 
positive spark-overs as the spacing was increased. To 
check this portion of the spark-over polarity-distribu- 
tion curve, 1320 individual spark-over observations 
were made for sparking distances between 4.0 and 6.5 
em. inclusive. This large number of observations 
checked the original data showing the irregularity in 
the curve actually exists. 

Impulse tests were made on the 6.25 cm. sphere-to- 
plane gap over the same range of spacings covered by 
the 60-cycle tests. The data for these tests are given in 
Table III and are shown graphically by Fig. 8. The 
impulse tests confirm the 60-cycle tests by showing the 
spark-over voltage to. be lower when the sphere is 
negative up to approximately 6.25 cm. For spacings 
greater than 6.25 em., the positive spark-over occurs at 
a lower voltage than the negative. It will be noted that 
for voltages above 155 kv. smooth, average curves have 
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been drawn. However, the experimental points have 
been checked repeatedly and found to be as indicated. 
It is therefore probable that the true curve will be 
found to pass through these points when more com- 
pletely explored. 

Since the impulse generator used gives both positive 
and negative output waves, depending upon the polar- 
ity of the initiating gap at the instant of spark-over, it 
was necessary to devise a special experimental procedure 
for determining the impulse data. The impulse genera- 
tor was adjusted to deliver a definite voltage. The 


TABLE II 


SIXTY-CYCLE SPARK-OVER DATA FOR A 6.25-CENTIMETER 
SPHERE TO A PLANE 


Per cent of spark-overs 
Sparking distance Kilovolts 
in centimeters maximum Positive Negative 

0.50 12.9 0 100 
1.00 24.7 0 100 
1.50 35.9 0 100 
2.00 43.9 0 100 
3.00 64.6 0 100 
4.00 75.2 3 97 
4.25 ViGsoue 19 81 
4.50 79.3 54 46 
4.75 81.2 55) 45 
5.00 83.0 18 82 
5.25 84.7 25 75 
5.50 86.4 54 46 
5215 87.8 73 27 
6.00 89.2 94 6 
6.50 91.9 98 2 
7.00 95.5 100 0 
8.00 99.0 100 0 
10.0 106 100 0 
15.0 ja ley 100 0 
20.0 127 100 0 


Barometric pressure 755.6 mm. 
Temperature, degrees centigrade 
Dry bulb 22,0 
Wet bulb 15.5 


PER CENT POSITIVE SPARK-OVERS 
wu 
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SPARKING DISTANCE IN CENTIMETERS 


7—Poxarity DistriputTion or 60-CycLE SPpARK-OVERS 
FoR A 6.25-CENTIMETER SPHERE TO A PLANE 


Fig. 


sparking distance of the experimental gap was increased 
until one impulse in ten of a given polarity failed to 
spark over. This spacing was termed the minimum gap 
for that polarity spark-over. The gap was then in- 
creased until only one impulse in ten of the chosen 
polarity caused spark-over. This setting was termed 
the maximum sparking distance. These two limits 
represented the spread of the spark-overs at a fixed 
voltage for the given polarity and their average was 
taken as the true sparking distarice for that voltage and 
polarity. The mean thus obtained is not the exact 
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spacing corresponding to the mean voltage, due to the 
curvature of the spark-over curves, but because of the 
small differences between maximum and minimum the 
error is very small. The same procedure was followed 
for both the positive and negative polarities. 


GROUNDED SPHERE-GAFS 


2.54-cm. Spheres. Tests were made on a 2.54-cm. 
sphere-gap over a range of spacings varying from 0.38 


TABLE III 


IMPULSE SPARK-OVER DATA FOR A 6.25-CENTIMETER 
SPHERE TO A PLANE 


Sparking distance in centimeters 


Maximum 
impulse Positive Negative 
voltage — 
kilovolts |Maximum|Minimum | Average |Maximum|Minimum |} Average 
50.9 4°70 1.40 1,55. 2.03 1.31 1.67 
96.4 4.75 3.00 3.88 4.75 4.60 4.68 
110 6.59 4.52 5.56 6.59 5.53 6.06 
121 9.14 6.53 7.84 7.00 6.06 6.53 
129 11.2 9.10 10.1 7.10 6.44 Lome ds 
155 14.0 12.6 13.3 9.80 8.25 9.03 
180 L528 13.5 14.7 i BG 9.12 10.1 
216 19.4 17.8 18.6 14.9 13.0: 13.9 
241 20.5 19.2 19.9 1 W ne’ 14.7 16.0 


Barometric pressure 759.4 mm. 
Temperature, degrees centigrade 
Dry bulb 23.0 
Wet bulb 16.0 


KILOVOLTS, MAXIMUM 
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Fig. 8—6.25-CENTIMETER SPHERE-TO-PLANE IMPULSE SPARK- 


OVER 


cm. to 6.85 em. to determine the spark-over polarity 
distribution at 60 cycles. The results of these tests 
are given in Table IV and in Fig. 9. The polarity of 
spark-over is fairly uniformly divided between the two 
polarities for sparking distances between 0.38 cm. and 
2.0 cm. From 2.2 em. to 3.2 cm. the spark-overs all 
occur when the upper sphere is negative. Between 3.2 
and 3.8 cm. there is a very rapid transition from all 
negative to all positive spark-overs. For all spacings 
investigated above 3.8 cm. the spark-overs were all 
positive. 

6.25-em. Spheres. Spark-over tests at 60 cycles were 
made on a 6.25-cm. sphere-gap spaced from 0.5 to 12.5 
em. The data are given in Table V and Fig. 10. Be- 
tween 0.5 and 1.5 cm., approximately 10 per cent of the 
spark-overs were positive. There isa very rapid change 
in the percentages of positive spark-overs between 1.5 
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and 8 em. reaching'a maximum of 76 per cent positive 
at 2.25 cm. This characteristic was carefully checked 
and definitely established as shown. It will be noted 
that a similar characteristic existed in the case of the 
2.54-em. sphere-gap. This feature does not mean that 
there is any great difference between the positive and 
negative spark-over voltages in this region because in 
order to obtain spark-overs of both polarities the volt- 
ages must be practically identical. Between 3.0 and 
9.0-cem. spacing no positive spark-overs could be ob- 
tained. <A rapid transition from 100 per cent negative 
to 100 per cent positive occurs between 9.0 and 11.0 
em. Above 11.0 cm. all spark-overs obtained were 


TABLE IV 


SIXTY-CYCLE SPARK-OVER DATA FOR A 2.54-CENTIMETER 
SPHERE-GAP 


Lower Sphere Grounded 


Per cent of spark-overs 
Sparking distance Kilovolts 
in centimeters maximum Positive Negative 

0.381 13.4 32 68 
0.635 20.4 30 70 
0.952 29.0 10 90 
L227 37.9 58 42 
1.59 45.3 56 44 
1.91 51.2 39 61 
222 55.4 0 100 
2.54 59.1 0 100 
3.18 65.0 0 100 
3.49 67.4 60 40 
3.81 69.8 100 0 
4.45 Vesqal 100 0 
5.08 76.0 100 0 
6.35 79.9 100 0 


Grounded sphere 20.3 centimeters above ground and fixed in position 
Barometric pressure 759.4 mm. 
Temperature, degrees centigrade 

Dry bulb 22.9 

Wet bulb 16.0 


PER CENT POSITIVE SPARK-OVERS 


SPARKING DISTANCE JIN CENTIMETFRS 


Fia. 9—Po.uarity DisTrRIBUTION OF 60-CycLE SpaRK-OvVERS 
FOR A 2.54-CENTIMETER SPHERE-GAP 
Lower sphere grounded 
positive. In portions of the regions where the spark- 


overs are all of one polarity, or the other, it is probable 
that a considerable difference exists between the posi- 
tive and negative spark-over voltages. The impulse 
tests lend support to this deduction. 

Impulse tests on the 6.25-cm. sphere-gap gave the 
results shown in Table VI and Fig. 11. Up to 1.75-cm. 
spacing the spark-overs for both polarities occur at 
practically the same voltages. Between 1.75 and 8.4 


March 1931 


em. spark-over occurs at a lower voltage when the upper 
sphere is negative than when positive. The percentage 
difference is maximum at 4.0-cm. spacing at which point 
the positive voltage is 11.5 per cent greater than the 
negative. At 8.4 cm. the positive and negative become 
equal and from this spacing to the upper limit of the 
tests the positive spark-over voltage becomes rapidly 


TABLE V 
SIXTY-CYCLE SPARK-OVER DATA FOR A 6.25-CENTIMETER 
SPHERE-GAP 
Lower Sphere Grounded 


Per cent of spark-overs 
Sparking distance Kilovolts 
in centimeters maximum Positive Negative 

0.50 16.8 16 84 
1.00 al rg 8 92 
1.50. 45.5 8 92 
1.75 52.3 32 68 
2.00 58.3 52 48 
2.25 64.9 76 24 
Zao 66.2 40 60 
2.50 69.4 12 88 
3.00 79.2 0 100 
4.00 93.5 0 100 
5.00 103 0 100 
6.00 Pin Up 0 100 
6.25 113 0 100 
7.00 i Ze 0 100 
8.00 123 0 100 
9.00 127 0 100 
9.50 130 32 68 
10.0 132 92 8 
11.0 136 100 0 
12.0 139 100 0 
[2.55 141 100 0 
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obtained between 1.0 and 8.0-cm. spacing. At 9.0 and 
10.0 cm. no positive spark-overs were obtained. 

Impulse spark-over data were taken on the 25-cm. 
gap up to 38.0 cm. spacing. These data are given in 
Table VIII and in Figs. 13 and 14. It will be noted in 
Table VIII that as was found in the case of the 6.25-cm. 
sphere-gap, the average negative spark-over data con- 
forms with the A. I. E. E. standard over the recom- 
mended range of sparking distances. The positive 
curve coincides with the negative up to approximately 
5 em. From this point the percentage difference 
becomes increasingly higher up to 25 em., at which 
spacing it is a maximum and the positive spark-over 
voltage is 35 per cent greater than the negative. 

Due to the construction of the sphere-gap frame it was 


TABLE VI 


IMPULSE SPARK-OVER DATA FOR A 6.25-CENTIMETER 
SPHERE-GAP 


Lower Sphere Grounded 


Sparking distance in centimeters 
Maximum Positive Negative 
impulse 
voltage | Maxi- | Mini- Maxi- | Mini- A.I.E.E. 
kilovolts | mum mum | Average} mum mum | Average |Standard 
51.9 1.78 a leper it | 1.74 1.80 1.65 ee} Lvs 
NS 2.43 2.35. 2.39 2.70 2.50 2.60 2.60 
100 3.80 3.60 iq FA) 4.70 4.50 4.60 4.60 
113 4.70 4.60 4.65 6.10 5.80 5.95 6.27 
129 9.25 5.50 7.38 9.25 7.00 8.13 
146 13.3 10.0 IN 76 9.50 Co 8.63 


Grounded sphere 22.4 centimeters above ground and fixed in position 
Barometric pressure 759.9 mm. 
Temperature, degrees centigrade 

Dry bulb 20.9 

Wet bulb 14.2 


a ae as es 
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SPARKING DISTANCE IN.CENTIMETERS 


10—Povuariry DistrrputTion or 60-CycLe SPpaARK-OviERS 
FOR A 6.25-CENTIMETER SPHERE-GAP 


Fig. 


Lower sphere grounded 


less than the negative. It is interesting to note that the 
negative spark-over curve follows the Ay Te ere 
standard sphere-gap data throughout the recommended 
range, (Table VI). 

25-cm. Spheres. Table VII and Fig. 12 give the 
results of 60-cycle tests on a 25-cm. gap. These tests 
were limited to a maximum spacing of 10 em. because 
the upper limit of the available transformer voltage 
was 235 kv. maximum. Both positive and negative 
spark-overs, with the negative predominating, were 


Grounded sphere 22.4 centimeters above ground and fixed in position 
Barometric pressure 759.4 mm. 
Temperature, degrees centigrade 

Dry bulb 23:0 

Wet bulb 160. 


140} 
130+ 


KILOVOLTS, MAXIMUM 


° 2 ra 6 8 10 12 
SPARKING DISTANCE IN CENTIMETERS 


Fig. 11—6.25-Cm. Spoere-Gar ImMpuLsE SPARK-OVER 


Lower sphere grounded 


not possible to extend these curves above 40-cm. 
spacing. However, from the trend of the experimental 
data at the highest spacings, there is reason to believe 
that the positive and negative curves cross at some 
spacing not much greater than 40 cm. This extension 
would make the complete 25-em. characteristic curves 
similar to the 6.25-cm. curves shown in Fig. 11. The 
positive curve was not carried to the 40-cm. spacing 
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because the increased voltage would have necessitated 
operating the impulse-generator initiating gap at 
spacings in excess of those for which a satisfactory num- 
ber of positive discharges could be obtained. 


The wave form of the impulse voltage impressed upon 
the test gap probably has a pronounced effect upon the 
spread of the positive and negative spark-over curves. 
However, it is believed that the wave form of the 
impulse generator used in this investigation is quite 
similar to that of the impulse generators used in other 
laboratories. Calculation shows that the voltage wave 
rises to a maximum very abruptly and then decreases to 


TABLE VII 


SIXTY-CYCLE SPARK-OVER DATA FOR A 25-CENTIMETER 
SPHERE-GAP 


Lower Sphere Grounded 


Per cent of spark-overs 
Sparking distance Kilovolts 
in centimeters maximum Positive Negative 
1.00 30.8 32.0 68.0 
2.00 59.3 32.0 68.0 
3.00 85.6 12.0 88.0 
4.00 110 8.0 92.0 
5.00 132 16.0 84.0 
6.00 155 16.0 84.0 
7.00 176 16.0 84.0 
8.00 197 4.0 96.0 
9.00 216 0.0 100 
10.0 235 0.0 100 


Ungrounded sphere 118 centimeters above ground and fixed in position 
Barometric pressure 759.4 mm. 
Temperature, degrees centigrade 

Dry bulb 22.9 

Wet bulb 16.0 


PER CENT POSITIVE SPARK-OVERS 
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2.53) GAPS. 6i as B'S: Onin te 


Fie. 12—Pouaritry Distrisution or 60-Cycite SparK-OvERS 
FoR A 25-Cm. SpHERE-GAP 


Lower sphere grounded 
(Incomplete) 


half value in approximately 5 microseconds. The 
impulse ratio obtained on a 25-cm. needle-gap was 1.78 
positive and 1.78 negative and on a 66-kv. pin-type 
insulator was 1.36 positive and 1.55 negative. 


AN EXPLANATION OF THE POLARITY EFFECT IN 
SPARK-OVER F 


The dielectric-flux concentration in the point-to- 
plane gap is many times greater at the point than on the 
plane. The high-voltage gradient at the point causes 
local ionization preceding spark-over for all except 
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possibly extremely short sparking distances. When 
the point is positive, free electrons in the surrounding 
space are attracted toward the electrode and acceler- 
ated to the ionizing velocity in the region where the 
potential gradient is sufficiently great. These electrons 
and those liberated by ionization, except those lost by 


TABLE VIII 


IMPULSE SPARK-OVER DATA FOR A 25-CENTIMETER 
SPHERE-GAP 


Lower Sphere Grounded 


Sparking distance in centimeters 


Maximum Positive Negative 
impulse 
voltage | Maxi- | Mini- Maxi- | Mini- A.I.E.E. 
kilovolts | mum mum | Average| mum | mum | Average |Standard 
127 5.50 4.50 5.00 5.75 4.75 
224 8.75 8.25 8.50 9.25 9.25 9.25 9.45 
326 13.0 12.0 12.5 16.5 16.5 16.5 16.5 
377 15.3 14.3 14.8 24.5 22.0 23.3 22.2 
414 19.0 1525 17.3 32.0 25.0 28.5 
445 21.0 16.8 18.9 37.0 32.0 34.5 
469 22.0 17.0 19.5 40.0 36.0 38.0 
542 30.5 21.5 26.0 


Ungrounded sphere 118 centimeters above ground and fixed in position 
Barometric pressure 759.1 mm. 
Temperature, degrees centigrade 

Dry bulb 21.4 

Wet bulb 15.3 


MAXIMUM IMPULSE KILOVOLTS 


° 4 8 12 16 20 24 28 32 36 40 
SPARKING DISTANCE IN CENTIMETERS 


Fic. 13—25-Cm. SpHire-Gar Impuuse SparkK-OviEer 


Lower sphere grounded 


MAXIMUM A\LE.E. SPHERE-GAP VOLTAGE 


MAXIMUM IMPULSE GENERATOR VOLTAGE, KV 


Fie. 14—25-Crentimeter SpHere-Gap Imputse SparK-Ovur 


Lower sphere grounded 


recombination, are absorbed by the electrode. The 
relatively immobile positive ions resulting from this 
ionization form a space charge surrounding the point. 
This space charge adds to the electrode potential and 
extends the critical ionizing gradient to a greater dis- 
tance. In this manner the ionization is progressively 
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extended outward from the point until the gradient at 
the outer boundary of the ionized region falls below the 
critical value or, if the electrode potential is sufficiently 
high, complete spark-over is established. When the 
point is negative, free electrons in the surrounding space, 
together with those extracted from the electrode, are 
repelled outward at high velocity producing ionization 
by collision in the region which is above the critical 
gradient. A positive and a negative space charge are 
thus formed. The field of the positive space charge 
opposes the field from the electrode which it surrounds 
and tends to reduce the resultant flux in the area beyond 
this space charge. Some of the repelled electrons do not 
migrate entirely across the gap and are held by the posi- 
tive space charge at the outer boundary of the ionized 
region. The decrease in flux reduces the distance to 
which the ionizing gradient extends from the electrode 
and hence increases the potential necessary to cause 
complete spark-over. Positive spark-over therefore 
occurs at much lower voltages than negative for a given 
electrode spacing. The above phenomena apply in 
general to all gaps in which ionization occurs at poten- 
tials lower than spark-over and in which this ionization 
is more intense at one electrode than the other. This 
condition also obtains in sphere-to-plane gaps and 
grounded sphere-to-sphere gaps at wide spacings and in 
practically all forms of high-voltage transmission-line 
insulation. 

When a sphere-gap has a voltage impressed upon it, 
the positive sphere attracts the free electrons in the sur- 
rounding space and when the potential is increased to 
the proper value accelerates them to the ionizing veloc- 
ity. The free electrons and those liberated by collision, 
except the ones lost by recombination, are conducted 
away by the sphere leaving a relatively immobile posi- 
tive space charge in the surrounding ionized space. 
This space charge adds to the positive-sphere potential 
and extends the critical ionizing potential gradient, as 
well as the effective radius of the sphere. The negative 
sphere repels the free electrons in the surrounding space 
and when the critical voltage gradient is reached pro- 
duces ionization by collision adjacent to the negative 
electrode. This action results in the formation of 
both a positive and a negative space charge. The 
positive space charge is composed of the relatively im- 
mobile positive ions left close to the sphere. Part of 
the electrons expelled from this region are carried 
entirely across the gap and the remainder, forming the 
major part of the negative space charge, are bound near 
the outer edge of the positive space charge. 

At close sparking distances this negative space charge 
is attracted by the positive sphere and carried away 
leaving the negative-electrode positive space charge 
in the combined field of three charges. These charges 
are the potential on the positive sphere, the positive 
space charge of the positive sphere and the potential 
on the negative sphere. This resultant field forces 
the negative-sphere positive space charge back on the 
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negative electrode producing heavy ionization and ex- 
tracting large numbers of electrons resulting in local 
breakdown and removal of the positive space charge in 
the immediate vicinity (Fig. 15B and D, Fig. 17B and c, 
Fig. 18). The conducting streamer thus formed extends 
the negative-sphere potential beyond the positive space 
charge and the breakdown progresses to the positive 
sphere. At these close spacings the dielectric flux 
distribution in the sphere-gap between sparking sur- 
faces is practically unaffected by usual ground proxim- 
ity. Because of this symmetrical flux distribution on 
the spheres, spark-over takes place from either the 
grounded or ungrounded sphere at practically the same 


A. 19.8 Kv. B. 19.8 Kv. 


C. 28.6 Kv. D. 28.6 Kv. 
Fig. 15—LicutensperG Ficures or SpHerRe-Gap FiE.p 
Suiegutty Brntow SparkK-Over Vourace, LowrerR SPHERE 
GROUNDED 


Upper sphere positive, diameter spacing 
Upper sphere negative, diameter spacing 
Upper sphere positive, 114 diameter spacing 
Upper sphere negative, 114 diameter spacing 


gOtP 


voltage and there is no appreciable polarity effect, 
Figs. 9, 10, 11, 12, and 13. 

For sphere spacings greater than approximately 
1.6 \/R the influence of ground on the flux distribution 
causes higher voltage gradients to exist on the un- 
grounded sphere than exist on the grounded sphere at 
the sparking surfaces. Therefore ionization starts at a 
lower voltage on the ungrounded sphere. As shown 
above when the field is symmetrical local breakdown 
occurs at the surface of the negative sphere at lower 
voltage than at the surface of the positive sphere when 
the spacing is sufficiently close for the removal of the 
negative space charge. When the field becomes un- 
symmetrical under the influence of ground, local break- 
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down and spark-over occur at a lower voltage when the 
sphere having the more intense field is negative. This 
condition obtains until the spacing is increased to the 
point at which the negative space charge neutralizes 
the negative-sphere positive space charge sufficiently 
to reduce the gradient near the surface of the sphere, 
when negative, to that value obtaining at an equal posi- 
tive voltage. At this spacing, which for the gaps and 
conditions investigated was considerably over diameter 
separation, the positive and negative spark-over volt- 
ages again become equal. For greater spacings spark- 


over occurs at a lower voltage when the ungrounded . 


sphere is positive as in the case of the point-to-plane 
gap, Fig. 16. 


A. 19.0 Ky. B. 30.0 Kv. 


C. 66.5 Ky. chopped at 58.2 Ky. D. 


57.6 Ky. 


Fig. 16—lLicutenspera Figures or SpHERE-Gap FrEvp 


Upper sphere positive, 
Lower sphere grounded 


SUMMARY 


1. Lichtenberg figures are produced by ionization 
phenomena at the surface of the recording medium and 
are visible in a darkened instrument. 

2. The positive figure is extended in size by the 
positive space charge surrounding the recording elee- 
trode. The negative figure is held to a relatively small 
size by the positive space charge adjacent to the elec- 
trode. The existence of these space charges is clearly 
demonstrated when figures of opposite polarity are 
quickly superimposed. 

3. Tests with different types of gaps show that 
polarity has a pronounced effect upon spark-over. 
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4. The point-to-plane gap at a given spacing sparks 
over at a much lower voltage when point is positive than 
when negative, except for possibly very small spacings. 


A. 19.5 Kv. B. 43.5 Ky. 


©. 66.5 Kv. chopped at 58.2 Ky, D. 62.9 Ky. 
Fig. 17—Licutenspere Figures or SpHERE-Garp Fie.p 
Upper sphere negative, 
Lower sphere grounded 
Fic. 18—Impuuse SparK-Over on 25-Cm. Spupre-Gap at 


DIAMETER SPACING 


Upper sphere negative 
Lower sphere grounded 


This characteristic is typical of all gaps having dissimilar 
electrode gradients when local breakdown precedes 
spark-over, and is due to the space charge extending the 
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field of the higher-gradient electrode when positive and 
suppressing the field when negative. 

5. Pin-type insulators spark over at lower voltage 
when line is positive than when negative, due to local 
breakdown occurring first on the line. The impulse 
ratio is lower positive than negative. 

6. The grounded sphere-gap sparks over at the same 
voltage with ungrounded sphere positive or negative up 
to spacings of approximately 1.6 \/R. 

7. For the conditions investigated the grounded 
sphere-gap sparks over at a lower voltage negative 
than positive at spacings ranging between approxi- 
mately 1.6 ./R and well over diameter separation. 
This characteristicisdue to high local negative gradients 
caused by the negative-electrode positive space charge. 

8. At wide spacings the grounded sphere-gap sparks 
over at lower voltages positive than negative, (4). 

9. Near diameter spacing the grounded sphere-gaps 
investigated spark over at much lower impulse voltages 
negative than positive. The shape and duration of the 
impulse wave probably have a pronounced effect upon 
this difference. 
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Discussion 
Geo. S. Smith: In 1928 Mr. E. J. Wade and I observed. a 
decided polarity effect on certain types of insulators, while 
determining the arc-over time lag under impulse conditions. 
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The greater portion of our data was obtained by means of the 
Dufour oscillograph. The impulse generator used gave negative 
polarity on the high-voltage side while the grounded side was 
positive. 

When using slowly rising wave fronts approaching the time 
required for a quarter wave length of a 60-cycle wave, voltages 
averaging 50 per cent greater than the 60-cycle value were re- 
quired to produce an are over the insulator. With the insulator 
inverted and the negative applied to the pin, or with the polarity 
reversed on the upright insulator, the arc-over voltage was 
reduced to an average of about 8 per cent above the standard 
60-cyele value. 

A check on these impulse values was obtained by using direct 
current and steadily raising the voltage until arcover occurred. 
The values thus obtained checked the results of the impulse 
tests very closely. 

Are-over tests were also made using 60-cycle voltage and 
taking oscillograms on a Dudell type oscillograph of the break- 
in voltage. The oscillograms showed every are to occur on the 
same half of the wave, that is when the cap or line side of the 
insulator was positive. 

It is interesting to note, in the set of curves shown, that for 
the 15-kyv. pin type insulator tested, the difference between the 
positive and negative arc-over values decreases as the steep- 
ness of the impulse wave front is increased. They both approach 


41 Characteristic 
++ Impulse Voltage Time Curves 


400 


580 for Sta, ISK ¥ Fin Type Insulaters 
i Under Standard Dry and Rain Conditiens 


“ 
S 


Crest K.V to arc ever insulator 
ry 
S 
Ss 


" CU Wega hed dahl e 
eee a CLAS cle 


hd ayb= duce Wd 
UN Sa GUIs 
10 10 100 1000 
« Time in muicro-seconds from applicotion of vollage 0 orc-over 


lee al 


the same limiting value at very steep wave fronts. Similar 
tests under standard rain conditions also approached this same 
limiting value as the curves indicate. 

Tests made on suspension type insulators showed little or no 
effect of polarity on the arc-over values. 

While some small differences in results were observed with 
the pin type insulator inverted as compared with the same 
polarities applied when erect, the differences were so small, it 
might be safely concluded that the insulator mounted on a pole 
as in use is affected very little by the earth beneath. Thus the 
polarity effect is almost entirely caused by the distribution of 
the electrostatic lines of flux between the cap or line and tie 
wires, and the pin with its support. 

H. L. Rorden: As far as is known at present, the effect of 
polarity on spark-overs is not susceptible to a mathematical 
treatment. It would seem therefore, that voltage differences 
due to polarity may be attributed to inherent physical properties, 
the nature of which must be determined empirically. This was 
recognized by Carroll and Lusignan! and later Dr. Lusignan 
demonstrated spark-over differences due to polarity at power 
frequencies.’ 

A factor of major importance in the investigation of the effect 
of polarity on spark-overs is the lack of an accurate voltage 
measuring device for high potentials. The crest voltmeter 


1. The Space Charge that Surrounds a Conductor in Corona, by J. 8. 
Carroll and J. T. Lusignan, A.I. E. E. Trans., January 1928, p. 50. 

2. A Study of High-Voltage Flashovers, by J. T. Lusignan, A. I. EB. E. 
Trans., January 1929, p. 246. : 


34 McMILLAN AND STARR 


probably used most extensively for this purpose,—the sphere- 
gap,—has proven itself to be only approximately correct. In the 
extensive investigations of high-voltage phenomena carried on 
under the direction of F. W. Peek, Jr. surprising disclosures have 
resulted from comparing impulse spark-over voltages of various 
electrodes with both polarities.. In these investigations, the 
eathode-ray oscillograph has been. unique in obtaining compara- 
tive data, in disclosing the approximate variations to be expected 
in sphere gap measurements, and in the spark-over of other elec- 
trodes. If oscillograms could but be used for an accurate voltage 
calibration, the story would be complete. Oscillograms do, how- 
ever, give us comparative information. 

It has long been known that sphere-gaps, particularly at 
relatively higher spacings, are not free of time lags. But since 
in general, sphere-gap calibration curves must depend on voltages 
at power frequencies, the effect of polarity on their sparkover 
introduces an error that cannot be so easily detected, and is 
much more difficult to correct. With the cathode ray oscillo- 
graph, and a lightning generator with its polarity controlled, it 
is found that sphere-gaps generally require a higher voltage with 
a positive wave to spark over a given spacing, the difference 
ranging up to 12 per cent, depending on the wave form and the 
per cent overvoltage held. In agreement with the results 
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obtained by Messrs. McMillan and Starr, is the fact that only 
at relatively small spacings do the negative polarity spark-overs 
equal or exceed the voltage of the positive wave, for spheres 
ranging from 25 to 100 em. in diameter. However, the larger 
spheres show less difference at relatively large spacings than do 
the smaller ones, there being a maximum of 4 per cent difference 
found in 100 em. spheres at diameter spacing, for various wave 
forms. 

With non-uniform electrodes the negative polarity wave 
usually has the higher spark-over value, although it is frequently 
(but not always) found that a higher energy input to the light- 
ning generator is necessary with positive polarity waves. This 
higher negative spark-over has been found to run as high as 22 
per cent for insulator strings, and may be very much greater for 
a point-to-plane spark-over. However, merely inverting a string 
of suspension units may reverse the order of the polarity requiring 
the higher spark-over voltage. Point gap spark-overs are found 
to require a higher voltage for the negative wave consistently, 
with various wave forms, and within the range of 30 to 130 em. 
spacing. ~ 

The accompanying oscillograms illustrate spark-over differences 
due to polarity, for the various electrodes and with the various 
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wave forms as shown. Voltage scales are given where oscillo- 
eraphic deflections could be favorably compared with differences 
found by sphere gap measurements. In the many instances 
where fair agreement could not be obtained, it was assumed that 
an appreciable difference existed in the sphere-gap spark-overs. 

In the paper presented by Messrs. McMillan and Starr, no 
direct indication is given of the method used for measuring the 
impulse voltage. And since it is a measurement of voltage that 
determines what differences exist due to polarity, this would 
seem to be an item of major importance. Obviously, the trans- 
former ratio cannot give dependable results, since, as is. pointed 
out, the space charge preceding spark-over is of a different nature 
for the two polarities, and therefore the energy drain, with its 
consequent loss of voltage is not constant. Tests and oscillo- 
grams show, that particularly with a series-multiple type of 
generator, this factor assumes huge proportions. Since the 
sphere gap itself is shown to be in error, we might infer that the 
Lichtenberg figures are employed as a crest voltmeter. But since 
they also are susceptible to considerable variation, values thus 
obtained might involve an appreciable error. 


The plotted results of Table VIII, given in Fig. 13, show an 
increase in spark-over voltage for 25-em. spheres of the positive 
over the negative, of 35 per cent at diameter spacing. Such an 
extreme difference seems incredible, and is not in agreement with 
oscillographic records. Since these curves depend upon an 
accurate measurement of voltage, it would be very desirable to 
know how these voltage measurements were obtained. 


F. O. McMillan and E. C. Starr: It is interesting to ob- 
serve that the small amount of data taken on pin type insulators 
in this investigation is in agreement with the results obtained in 
the extensive investigation conducted by Messrs. Wade and 
Smith. Their work made use of the cathode-ray oscillograph 
for determining the polarity effects. Mr. Smith summarizes 
their results in his discussion and they are given in more detail 
in an article published in the Electrical World for August 18, 
1928. (See bibliography.) 

Mr. Rorden in his discussion states that it would be very de- 
sirable to know how the voltages were measured during the 
investigation. The voltages were measured by the use of sphere 
gaps using special precautions, as explained below, to avoid the 
limitations they were found to have, due to polarity effects. It 
was recognized from the beginning of the investigation that 
precision methods for measuring high voltages are not available. 
Even the Dufour type of cathode-ray oscillograph usually de- 
pends on sphere-gap measurements and the determination of the 
ratio of a high-ratio potentiometer for its calibration. Further- 
more, the cathode-ray oscillograph when used only for compara- 
tive purposes in the determination of polarity effects is not free 
from polarity errors unless the voltage dividing potentiometer 
and all of its circuits are free of corona during the measurement. 

In the event corona is present on the high-voltage elements of 
the potentiometer the voltage ratio positive is different from the 
negative ratio because of the widely differing extents of corona 
for the two polarities. This difference is dependent on the 
character and spacing of the electrodes. 

The impulse generator used in the investigation reported in 
the paper was carefully calibrated by means of sphere-gaps. It 
was observed that a marked correlation existed between the 
impulsive negative output voltage as indicated by sphere-gap 
measurement and the maximum 60-cycle voltage of the initiating 
gap. These data are shown in the accompanying table. It will 
be noted that the ‘output factor’’ which is the ratio of the average 
negative impulse voltage to the maximum 60-cyecle spark-over 
voltage of the initiating gap is practically constant and equal to 
2.62 for all output voltages up to the highest value measurable 
with the available sphere-gap. The 60-cycle data show that the 
25-em. sphere-gap sparks over on both polarities only up to a 
sparking distance of 8.5 em. Beyond this spacing and within 
the recommended range all spark-overs occur on the negative 
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half eycle. Therefore, it is evident that sphere-gap calibration 
data apply to the negative voltage and not to the positive 
throughout the entire range. Therefore, the negative impulse 
voltages were used for computing the output factor. 

Since the initiating gap spacing never exceeded 8.5 em. the 
positive and negative tripping potentials were the same and the 
stored energies were identical for both polarities. The impulse 
generator is very compact and practically free from stray dis- 
charges which insures the delivered energies and maximum po- 
tentials being the same for both polarities. To verify these 
conditions the spark-over voltages, positive and negative were 
measured for a well isolated 35-cm. point gap 5.25 times its 
spacing from any grounded object. As determined by output 
ratio, the average spark-over voltages, positive and negative, as 
determined from 100 observations, checked within one per cent. 
A 25-em. sphere-gap connected in parallel with the point gap and 
so spaced that it arced over on approximately 10 per cent of the 
impulses had no influence on the parallel point-gap spark-over 
either positive or negative, except when it sparked completely 
over. These data are significant because they show that the 
impulse generator was delivering the same maximum voltage 
positive and negative, and furthermore, the positive and nega- 
tive wave shapes were essentially the same because the point-gap 
spark-over voltage depends not only on maximum voltage but 
also on wave shape. From the results obtained above it appears 
that the energy drain due to discharges preceding complete 
spark-over have no more effect on one polarity than the other in 
the particular lightning generator used. 

The phenomenon of polarity effect in sphere-gap spark-over 
is dependent wholly on the fiux distribution on the spheres. 
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Therefore, gaps operating under different conditions such as in 
the vertical or horizontal position, in the proximity of high- 
voltage conductors or ground will exhibit different polarity 
characteristics because of the difference in extraneous fields. 
Observation has been made of a sphere gap which had practically 
inverted polarity characteristics because of the proximity of 
high-voltage conductors and its unusually great distance above 
ground. It is possible in the ease of the 100-cem. sphere-gap test 
reported by Mr. Rorden that extraneous fields were influencing 
the polarity effect. 


VOLTAGE CALIBRATION OF IMPULSE GENERATOR 


Impulse generator Impulse generator output 
jnitiating gap voltage 25-cm. sphere-gap 
Impulse 
Average generator 
sparking output 
60-cycle distance cm. 60-cycle factor 
Sparking spark-over negative spark-over 
distance voltage ky. impulses voltage kv. D 
centimeters maximum (Table VIII) maximum ie 
A B Cc D 
3.00 85.6 9.25 221 2.58 
4.63 125. 16.5 327 2.61 
5.50 144. 23.3 385 2.67 
6.16 158. 28.5 415 2.63 
6.68 170 34.5 443 2.61 
Average 2.62 


Nore: The first three values given in column D were taken from the 
A. I. E. E. sphere-gap spark-over voltage data. The last two values were 
taken from an empirical spark-over curve. 


Corona Loss Measurements on a 220-Kv. 
60-Cycle Three-Phase Experimental Line 


BY JOSEPH S. CARROLL,* 
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Synopsis-—Corona loss measurements were made on seven 
different conductor specimens. The losses were measured directly, 
on a three-phase line 700 ft. long, by means of three single-phase 
high-voltage wattmeters. The object of the test was to obtain data for 
the choice of conductor to be used on a 220-kv. 60-cycle ine. The 
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results show the effect of weathering of conductors, the comparison 
of conductors of two different diameters, the effect of size of strands 
and the method of stranding and also the effect on new conductors 


of the change in surface conditions caused by rain and washing. 
HAW Hat wk: ? hie ok 


INTRODUCTION 


HE purpose of these corona loss measurements, 
made at the Ryan Laboratory, Stanford Uni- 
versity, was primarily the comparison of different 
conductors for use on a 220-kv. transmission line. 
Among the things that were to be studied was the 
effect on corona loss of the different methods of strand- 
ing, size of strands, the spacing and configuration of 
conductors, the difference between a conductor 0.91 in. 
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Fig. 1—TRANSVERSE Secrion or Trest LINE 


in diameter and one 1.0 in. in diameter and also the 
difference, if any, between copper and aluminum 
conductors. 

In order to closely simulate actual operating condi- 
tions the tests were to be made on a three-phase line. 


DESCRIPTION OF EQUIPMENT 


The test line was .700 ft. long and the conductors 
were supported between steel masts as shown in Fig. 1 
and Fig. 2. With this arrangement the conductors 
to be tested were laid out on the ground, fastened onto 
the insulator strings and raised into position by means 
of winches, one on each mast. 

The dimensions involved in fastening the insulator 
strings on the steel cable were determined mathemati- 
cally and checked by means of a model. 

There were several reasons for starting the test 
specimen 350 ft. away from the laboratory and con- 
tinuing it on for two spans of 350 ft. each. The dead 
ends at the building could be made up once for all and 
did not have to be lowered for changes in elevation of 
the line or spacing of the conductors, nor even for a 
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change in configuration from the horizontal to the 
vertical. Another advantage was that the test line 
was well in the clear of the building thus eliminating 
any possibility of stray electric fields in that direction. 

The shielded leads from the building to the test 
specimen were hollow concentric-lay aluminum con- 
ductors 1.1 in. in diameter. At the time this cable 
was made, two No. 12 rubber covered copper wires 
were placed on the inside of the cable. These two wires 
were used as the lead from the wattmeter to the test 
specimen. 

The line was energized by means of three 350-kv.- 
350-kv-a. transformers which were connected delta on 
the low-voltage side and Y on the high-voltage side 
with the neutral grounded. The source of power for 
these transformers was a 1500-kv-a. 60-cycle sine wave 
motor-generator set. The voltage was controlled by 
means of a rheostat in the exciter field. The root- 
mean-square value of the line voltage to ground was 
obtained by means of the voltmeter coil in the trans- 
formers. With the line connected, the reading of the 
voltmeter across this coil was checked against the 
voltage from line to ground as measured with a sphere 
gap. The agreement was within one per cent which 
is about the limit of accuracy for the sphere gap. 
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Fie. 2—LoneirupinaL Section or Test LIne 
Measurements with a harmonic analyzer showed that 
the third harmonic was the greatest and this was less 
than one per cent at 260 kv. ; 

The corona loss at 60 cycles was measured directly by 
means of three high-voltage wattmeters, one connected 
in on each conductor. The diagram of connections of 
one of the wattmeters is shown in Fig. 3. Each watt- 
meter assembly was almost identical with that de- 
scribed in a former paper.® 

On account of using a sine wave generator and due to 


5. Forreferences see bibliography. 
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the reliability of the voltmeter coils in the transformers, 
the ohmmeter and crest voltmeter described in the 
paper just referred to were omitted in this set-up. The 
milliammeter that measured the current through the 
water resistor wattmeter multiplier was connected in 
the ground side of the resistor. A three-cylinder piston 
pump supplied water to all three resistors. The use of 
salt water for changing the resistance of the multiplier 
was the same as in the former set-up. The shielding 
cages containing the wattmeter instruments were 
mounted directly on top of the upper shields of the 
water resistors. The meters were read by means of 
telescopes from platforms directly above. 

In all of these tests, temperatures and relative 
humidities were determined outside near the line, 
readings being taken immediately before and after 
each test. The wet and dry bulb thermometers were 
placed in front of a fan for consistent results. 


SHIELDING TESTS 


At the beginning of the tests it was necessary to make 
certain balances and adjustments of the shielding 
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circuits. From previous tests, most important of 


which was the double conductivity test, and also with 
further check on the present set-up it was found that the 
water resistor multiplier was, for all practical purposes, 
correctly shielded. 

The shielded lead from the wattmeter to the test 
conductor was 440 ft. long. The capacitance between 
this lead and its shield was 0.04 microfarad. This 
capacitance shunts the field or current coil of the watt- 
meter and due to the low power factor of these measure- 
ments the current through this capacitance would shift 
the phase angle of the current through the field coil of 
the wattmeter and cause serious error. This capaci- 
tance cannot be eliminated; however, if the potential of 
the shield is made the same as that of the lead there can 
be no flow of current through the capacitance. This 
was accomplished by inserting an impedance in the 
shielding circuit as shown in the diagram ‘of Fig. 38. 
The constants of the impedance in the shielding circuit 
were obtained as follows: ‘The charging current to the 
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test specimen was measured as was also the charging 
current to the shielding circuit. The inverse ratio of 
these currents gives the ratio of the impedances in 
these two circuits. The resistance and inductance of 
the current coil of the wattmeter are given by the 
maker. With the above information, coils were de- 
signed and made up for the three shielding circuits. 
One very good check of the proper shielding of the 
circuits was made by using a wattmeter of a different 
range and impedance in each of the three phases. 
Three tests were made and for each test each of the 
three wattmeters was in a different phase. Therefore, 
for each phase three sets of readings were obtained each 
with a different wattmeter. Each change of wattmeters 
involved a change in the shielding impedances. After 
slight errors in the shielding had been located, and 
eliminated the measured loss was the same irrespective 
of the wattmeter arrangement. 


Observations were made on the line at night. The 
voltage at which corona was first seen and also heard on 
the conductor agreed with the voltage at which the 
wattmeters began to show a power loss from the line. 
Corona brushes were observed on some of the insulator 
units next to the conductor. Proper shielding of the 
insulator strings eliminated these brushes. Since the 
losses on one suspension and one dead end string were 
included with the losses of each conductor it was neces- 
sary to determine the magnitude of such insulator 
losses. The losses were measured on each of the sus- 
pension strings that support the conductors at the 
point where the shielded lead connects to the test 
specimen. The losses were found to be as follows at a 
voltage between lines of 295 kv. with 13 units in each 
string: 


Relative Loss on string 

humidity No. 1 No, 2 No. 3 
45% 3.5 watts 5.0 watts 5.0 watts 
76% 60.0 watts 78.0 watts 101.0 watts 
81% 132.0 watts 124.0 watts 172.0 watts 


From the values in the above table it is obvious that 
insulator losses can be neglected for fair weather con- 
ditions such as existed when the corona loss curves 
given in this paper were taken. Corona loss data not 
shown in this paper were taken at the higher humidities, 
but on account of insulator loss it is difficult to say just 
how much the loss was increased by the higher humidi- 
ties. One thing was definitely noted however, and 
that was that the corona loss was less for the lower 
temperatures. This is as might be expected because 
the density of the air increases with a decrease in 
temperature. In this work time would not permit the 
studying of corona loss as affected by weather con- 
ditions to any great extent, besides the condition of 
most of the conductors under test was changing too 
rapidly for such studies. It is hoped that at some time 
in the future the effect of weather conditions on corona 
loss may be studied. 
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Corona LOSS ON DIFFERENT CONDUCTORS 


The first conductor tested was a 0.91-in. diameter 
rope-lay weathered copper cable. (See appendix for a 
description of these conductors.) This conductor had 
been in use on the 220-ky. Pit River line of the Pacific 
Gas and Electric Co. for several years. A section 2200 
ft. long had been taken off the line especially for this 
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Fie. 4—Corona Loss Curves 
CONFIGURATION—20 FT. HORIZONTAL BY 30 FT. MIN. TO 
GROUND 


Temp. {Barom- 


Curve Humidity | deg. | eter in. 
No. Conductor Date percent | fahr. hg. Remarks 
2 |0.91 in. rope 
lay copper 
weathered |Mar.31,1930 63 53 29.85 
1 {0.91 in. rope 
lay copper Before 
new Apr. 30, 1930 36 72 29.68 | washing 
3 |0.91 in. rope 
lay copper After 
new May 1, 1930 52.5 67.5 | 29.90 | washing 
4 1.0 in. steel 
core alumi- 
num weath- 
ered May29,1930 40.5 65 29.91 
6 |1.0 in. steel 
core alu- 
minum un- After 
used May 23,1930 35 80 29.94 | washing 
5 1.0 in. steel 
core alu- 
minum un- After 
used May 26,1930 57.5 63.5 | 30.01 | washing 


test. As the conductor was removed from the towers 
it was carefully wrapped with strips of burlap in order to 
preserve the condition of its surface. In raising the 
conductor on the test line the burlap was not removed 
until the conductor had cleared the ground. To aid in 
the determination of the change in corona loss due to 
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weathering, a new conductor of the same kind was next 
tested. (See Fig. 4) 


It should be noted that for all the loss curves in this 
paper except those in Fig. 9 and Fig. 10, the corona loss 
per mile of a three-phase line is plotted as a function of 
the voltage between lines. The loss per mile of line was 
chosen in preference to the loss per conductor mile 
because the loss on the three conductors is not the same; 
another reason is that the engineer usually thinks of a 
three-phase line as a unit. 


The next tests were on a new two-layer concentric 
hollow copper cable 0.91 in. in diameter and a new two- 
layer concentric hollow copper cable 1.0 in. in diam- 
eter. While this latter conductor was in place it rained 
during the night; a few measurements were made during 
the rain the next day and some immediately after; the 
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Fig. 5—Corona Loss Durine SHower at 220 Ky. BetwEEn 
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Conductor— 1.0 in. hollow concentric two layer copper 


Date— April 14, 1930 

Humidity— 100 per cent 

Temperature—58 deg. fahr. (taken in the laboratory) 
Barometer— 30.05 in. hg. 


losses during the rain were rather high but the rainfall 
was not steady enough to obtain a good loss curve. 
The curve in Fig. 5 shows the variation in loss at 220 kv. 
from the beginning to the end of a short shower. No 
measurement was made of the rate of rainfall. The loss 
measurements made on this conductor the day after. 
the rain showed the loss to be much higher than before 
the rain. (See Curves 1 and 2, Fig. 6) Evidently 
some change had taken place on the surface of the 
conductor. ‘The new copper conductors were somewhat 
greasy, apparently left that way from some process of 
their manufacture. Since the rain had made such a 
definite increase in the losses on the new conductor it 
was decided to see what effect washing it would have. 
The process of washing was as follows: The line was 


a lows red and the conductors were supported on wooden 
s. The cables were then scrubbed with gasoline, 
the excess gasoline being wiped off and the rest allowed 
7) evaporate. This was followed by a scrubbing path 
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tested. The scrubbing brushes used in all this washing 
process were of the common variety with fiber bristles. 

The surprising thing was, that while the rain had left 
this conductor in a condition such that the losses were 
higher than those before the rain, the effect of the wash- 
ing was to reduce the losses to less than those before the 
rain. (See curves in Fig. 6) The condition of the 
conductor was carefully inspected before and after 
washing and the only visible effect that the scrubbing 
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slight increase in losses above those measured im- 
mediately after washing. (See Curve 4 of Fig. 6) 

The other two new conductor specimens, the 0.91 
rope-lay and 0.91 concentric, that had already been 
tested and taken down were again put up and tested, 
lowered and washed in the same manner just described, 
and then were raised and tested again. The results are 
shown in the curves of Fig. 4 and Fig. 7. The next 
conductor to be mounted on the line was a single-layer 
concentric hollow copper cable 1.0 in. in diameter. 
The strands of which this conductor was composed were 
rather large. (See appendix for description.) Ap- 
parently during manufacture these strands were scored, 
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Fie. 8—Corona Loss Curves—DiFFERENT CONFIGURATIONS 


CONDUCTOR—1.0 IN. STEEL CORE ALUMINUM (WEATHERED) 


Temp.| Barom- 


Curve Humidity} deg. | eter in. 
No Configuration Date per cent | fahr. hg. 

1 /20ft.hor. by 30ft. min. to gr.|June4, 1930 35 77.5 | 30.00 

2 15ft. hor. by 30ft. min. to gr.|June5, 1930 28.5 89 29.96 

3 15ft. vert. by 30ft. min. to gr.|June6, 1930 30 83 29.83 


leaving slivers and burrs on the finished cable which 
makes impossible a fair comparison between this 
conductor and the other one inch copper conductor 
made up of smaller strands. It is interesting to note 
that the losses on this conductor before washing were 
much greater than any of the others. Washing greatly 
reduced the loss; however, it was still high. See Fig. 7. 
Just how much of this increase in loss above that of the 
other one inch concentric copper conductor was due to 
the larger strands, of which the cable was composed, is 
still a question, because while the process of washing 
removed practically all the slivers, the strands them- 
selves were still rather badly burred. 
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The next specimen tested was a new concentric-lay 
aluminum conductor 1.0 in. in diameter. This cable 
was not quite in the same condition as it was when it 
left the factory. Evidently care had not been taken 
in the handling before it had reached the laboratory. 
The cable was somewhat scratched and dirty, so that 
the loss curves are not exactly what they would be for a 
similar conductor direct from the factory. However, 
when this conductor was washed its condition was 
comparable with that of the one inch two-layer con- 
centric copper. From curves 3 and 6 in Fig. 6 it can be 
seen that the loss on these two conductors was practi- 
cally the same immediately after washing. 

The next conductor tested was one like the above 
except that it had been in-use on the Pit River line for 
several years at 220 kv. It was taken down at the same 
time and handled in the same way as previously de- 


scribed for the weathered rope lay copper conductor. 


LINE CHANGES 


Up to this time all the tests had been made with all 
three conductors in the same horizontal plane with a 
spacing of 20 ft. a sag of 8 ft., and a minimum clearance 
to ground of 30 ft. The next test was with the 
weathered aluminum with the conductors in hori- 
zontal configuration, having a spacing of 20 ft., at 
three different elevations beginning with 70 ft. clear- 
ance to ground, followed by tests at 30 and 20 ft. 
clearances. The losses with the line at these three 
elevations were practically the same, the differences 
being so small that it seemed unnecessary to show the 
three curves. 

The spacing between conductors was then changed 
from 20 ft. to 15 ft. with a clearance to ground of 30 ft. 
The results are shown in curves 1 and 2 in Fig. 8. 
The conductors were then supported vertically all in 
the same plane with a 15 ft. spacing and a clearance to 
ground from the lower conductor of 30 ft. The loss 
curve is shown in curve 8, Fig. 8. 

As can be seen from the curves there is not much 
difference in loss for the different spacings and con- 
figurations. This is as might be expected because the 
electric field about the conductor is the resultant of the 
field to ground and the field between conductors. 
Since the field to ground is at a different phase angle to 
that between conductors, changing the distance be- 
tween conductors alters only one component of this 
field; the same is true with respect to changing the dis- 
tance of the line to ground. Furthermore the field 
intensity varies only as the logarithm of the dimensions. 


WATTMETER READINGS AND CHARGING CURRENTS 


With the three conductors in the same plane the loss 
on the center one is greater than on either of the out- 
side conductors, because the electric field intensity is 
greater on the center wire. In this paper no attempt 
has been made to determine the loss on each conductor 
separately. For those who are interested in this, the 
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curves in Fig. 9 and Fig. 10 show what is apparently the 
loss on each conductor. for different configurations. 
This ‘‘apparent loss’? was computed from the watt- 
meter readings in the ordinary manner by multiplying 
the reading of the wattmeter instrument by the mul- 
tiplying factor computed for the water resistor watt- 
meter multiplier. It will be noted that with the three 
conductors in the same horizontal plane the apparent 
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CONDUCTOR—1.0 IN. STEEL CORE ALUMINUM (WEATHERED) 


Temp.| Barom- 
Curve Humidity] deg. | eter in. 
No. Configuration Date per cent | fahr. hg. Phase 
1 20 ft. hor. by 30 ft. 
min. to gr. June4, 1930 79) 77.5 | 30.00 1 
2 2 
3 3 
4 15 ft. hor. by 30 ft. 
min. to gr. June5, 1930 Zone 89 29.96 1 
5 2 
6 3 


loss for one of the outside conductors is negative, 
while for the other outside conductor the apparent 
loss has a large positive value and the loss shown for 
the center conductor is approximately the actual 
loss. The algebraic sum of the apparent losses for 
the three conductors at any particular voltage is the 
actual loss for the three-phase line at that voltage. 
This is because the power in this three-phase neutral 
grounded circuit is measured with three wattmeters. 
It is interesting to note that the algebraic sum of the 
apparent loss on the two outside conductors divided 
by two is almost equal to that shown for the center 
conductor. If the line could be suspended high 
enough so that the ground had no effect on it and if 
the three conductors were equidistant from each other 
the charging currents would all be equal and 120 deg. 
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apart; the loss on the three conductors would be the 
same and the three wattmeters would read alike. Of 
course this condition is far from that met with in prac- 
tise. The complete vector diagrams and explanations 
of the circuits used in this work would be almost 
material enough for another paper. Mr. R. J. C. 
Wood gives a very good explanation of some of this 
in his paper listed in the bibliography.’ 

When the conductors were all mounted in the same 
vertical plane the phase rotation of the line was changed 
giving an entirely different distribution of wattmeter 
readings. However, the losses computed from these 
were practically the same as before so this curve is not 


"APPARENT LOSS” 
KILOWATTS PER MILE OF CONDUCTOR 


200 — 250 
VOLTAGE BETWEEN (CONDUCTORS ~ KV. rms. 


150 


Fie. 10—Curves SHowine “Apparent Loss” on Hace PHASE 


FOR DIFFERENT CONFIGURATIONS 


CONDUCTOR—1.0 IN. STEEL CORE ALUMINUM (WEATHERED) 
Temp. | Barom- 


Curve Humidity | deg. |eter in. 
No. Configuration Date per cent | fahr. hg. Phase 
1 15 ft. hor. by 30 ft. 
min. to gr. June5, 1930 28.5 89 29.96 1 
2 2 
3 3 
4 15 ft. vert. by 30 ft. 
min. to gr. June6, 1930 30 83 29.83 1. 
5 2 
6 3 


shown in this paper. For the curves shown in Fig.10 
the phase rotation of the line was tested and found to 
be in the same order as the numbering of the conductors. 
The curves shown in this paper are all plotted from 
data taken with this phase rotation. 

Corona loss curves taken immediately after each of 
the five conductors were washed are shown in Fig. 11. 
It is believed that the surface conditions of the con- 
ductors were more nearly alike during these tests and 
hence these curves offer the fairest comparison of the 
conductors. 
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Fig. 12 shows some of the corona loss data 
plotted on semi-logarithmic cross section paper. The 
study of the slopes of the different curves is rather 
interesting. 

Charging currents to the line were measured and 
when plotted against line voltage gave practically 
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Fic. 11—Corona Loss Curves—WaAsHED CONDUCTORS 


CONFIGURATION—20 FT. HORIZONTAL BY 30 FT. MIN. TO 
GROUND 


Curve Humidity] Temp. | Barometer 
No Conductor Date per cent |deg. fahr. in. hg. 
1 /}1.0 in. hollow con- 
centric single 
layer May 14, 1930} 60 60 30.02 
2 {0.91 in. rope lay May i, 1930 §2.5 67.5 29.90 
3 |0.91 in. hollow con- 
centric two lay- 
er copper May 8, 1930 33 64 29.87 
4 {1.0 in. hollow con- 
centric two lay- 
er copper Apr. 23, 1930 52 68 29.90 - 
5 |1,0 in. steel core : 
aluminum used |May 23, 1930| 35 80 29.94 


straight line curves. The values of charging currents 
for different conductor configurations are shown in the 
following table for a voltage between lines of 220 kv. 
and a minimum clearance to ground of 30 ft. 


Charging current per 


Configuration. Spacing Conductor mile of conductor 
Borzentals i.5..... 20 ft. Outside 667 milliamperes 
Center aye 
Outside 675 
Horizontal: Jas). «6.0 15 ft. Outside 694 
Center 754 
Outside 705 
Wertical”. i scuscne 15 ft. Top 690 
Center 758 


Bottom 709 
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The power factor computed for the line, when the 
washed aluminum conductor was used, wasless than one- 
quarter of one per cent at 220 kv. 
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Fig. 12—Corona Loss Curves 
CONFIGURATION—20 FT. HORIZONTAL BY 30 FT. MIN. TO 
: GROUND 
Temp.| Barom- 
Curve Humidity | deg. | eterin 
No Conductor Date per cent | fahr. hg. Remarks 
0.91 in. rope 
lay copper 
weathered |Mar.31,1930| 63 53 29.85 
2° {0.91 in. rope 
lay copper After 
new May 1, 1930 52.5 67.5 | 29.90 | washing 
3 |0.91 in. hollow ; 
concen tric ; 
two layer After 
copper May 8, 1930 33 64 29.87 | washing 
4 {1.0 in. hollow 
concen tric 
two layer After 
copper Apr. 23, 1930 52 68 29.90 | washing 
5 {1.0 in. hollow 
concen tric 
single layer After 
copper May 14.1930 60 60 30.02 | washing 
6 {1.0 in. steel 
core alu- 
minum un- * After 
used May 23,1930 35 80 29.94 | washing 
7 (|1.0 in. steel 
core alumi- 
num weath- 
ered May 29,1930 40.5 65 29.91 
Curve Conductor — Configuration Remarks 


A |0.91in. rope lay copper|19 ft. horizontal by 30 
ft. min. to ground | Data from Wilkins‘ 
B_ {1.0 in. steel core alu- 


: minum 19 ft. horizontal by 30 


ft. min. to ground | Data from Wilkins 


Comparison of this work with that done by others has 
been purposely omitted on account of space limitation. 
A bibliography is given at the end of this paper for those 
not acquainted with such work. 
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CONCLUSIONS 


The results of the tests show that the corona loss on 
new cleaned conductors is the same for copper as it is 
for aluminum. 

The effect of weathering of the conductors, as received 
from the factory, was such as to decrease corona loss, 
while the effect of weathering of the new conductors 
after washing was to increase the loss. 

Corona loss over the operating range of voltage of a 
220-kv. line is affected only slightly by a considerable 
change in conductor spacing or configuration, or clear- 
ance to ground. 

Until further tests are made the use of strands as 
large as those of the one inch single-layer hollow copper 
conductor, on a one inch conductor, for 220 kv. will 
be questionable. 

While the loss on the washed 0.91-in. hollow concen- 
centric copper conductor is very low at 220 kv. the use 
of such a cable is not recommended for a 220-kv. line 
because there is not sufficient margin to allow for the 
increased loss at higher altitudes and for the accumula- 
tion of dirt. 

The losses on a rope-lay conductor are greater than 
on a concentric-lay cable of the same diameter. 

The amount of decrease in corona loss by washing a 
new conductor would seem to justify the removal of 
the grease on the conductor at the factory rather than 
wait for the weather to do this at a considerable loss 
of power. 
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Appendix 
DESCRIPTION OF CONDUCTORS 


Rope-Lay Conductor 0.91 in. Diameter. This con- 
ductor is made up of seven large strands, each of which 
is made up of seven wires 0.101 in. in diameter with a 
left hand lay and a pitch of 5 in. The seven large 
strands have a right hand lay and a pitch of 15 in. 
There were two specimens of the above conductor, one 
new and one which had been in use on the 220-kv. Pit 
River line of the Pacific Gas and Electric Co. for 
several years. 

Two-Layer Concentric-Lay Hollow Copper Conductor, 
0.91 in. Diameter. There were 24 wires in the outer 
layer 0.101 in. in diameter. The pitch of this layer 
was approximately 12in. The inner layer was made up 
of 14 wires 0.125 in. in diameter. The core consisted of 
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two rubber covered pilot wires. (This conductor was 
made up especially for these tests and is not a com- 
mercial cable.) 

Two-Layer Concentric-Lay Hollow Copper Conductor, 
1.0 in. Diameter. This conductor was composed of 
50 wires 0.097 in. in diameter. The 28 wires in the 
outer layer had a pitch of approximately 11 in. The 
core of the cable was a twisted copper I-beam. 

Single-Layer Concentric-Lay Hollow Copper Con- 
ductor, 1.0 in. Diameter. This one layer was made up of 
twelve wires 0.196 in. in diameter and had a pitch of 
approximately 8.5 in. The core was a twisted copper 
Z-beam. 

Two-Layer Concentric-Lay Steel Core Aluminum Con- 
ductor, 1.0 in. Diameter. This conductor was com- 
posed of 42 aluminum wires 0.112 in. in diameter. 
The 24 wires in the outer layer had a pitch of approxi- 
mately 1lin. The core consisted of 19 strands of 0.111 
in. diameter steel wire. 

The area of the cross section of each of the above 
described conductors, with the exception of the 0.91 in. 
concentric-lay hollow copper was approximately 500,000 
circular mills. 
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Discussion 


L. V. Bewley: A great amount of work has been done in the 
past on corona loss at normal power frequencies. We are now 
entering an era where it is of increasing importance to know 
something about the laws of corona under transient, and par- 
ticularly traveling wave conditions. This requirement is oeca- 
sioned by the study of abnormal surges on transmission lines, 
and means of protection against them. Corona losses are re- 
sponsible for the rapid attenuation and distortion of high-poten- 
tial traveling waves. The attenuation is known to be extremely 
sensitive to weather conditions, wave shape, polarity and voltage, 
and varies over a wide range, even for the same line. However, 
these separate effects have not been evaluated, nor has the law 
of corona been established for traveling waves. Therefore, 
from the point of view of transmission system protection, it 
would seem advisable for the experimenters to pay some atten- 
tion to transient corona loss. A knowledge of the law which 
governs these losses may point the way to at least the Rertiak 
control of dangerous traveling waves. i +> 

A. O. Austin: Anyone who has not made tests to Beanie 
corona loss can hardly appreciate the amount of time, effort, and 
expense required to obtain the information disclosed in the 
paper. 

The various factors affecting corona are too complicated to be 


44 


covered by a simple formula except for a very limited range, 
hence we must depend upon measurements for losses. At the 
present time there is need for information on the larger conduc- 
tors covering a considerable difference in the size of wire. Laws 
which may hold for a small conductor may be misleading for the 
large sizes of conductor and it is hoped that the work at the Ryan 
Laboratory will be continued. 

Owing to the high reactive drop at 60 cycles, it is advisable to 
use higher voltages for many installations in order that the 
capacity per circuit in kilowatts may be increased and the cost of 
transmission reduced. 

Information such as that included in the paper is, therefore, 
very valuable in making it possible to work within narrow limits. 

Corona is not only a loss in power but in recent years has been a 
source of radio interference which must be carefully watched. 
In fact radio interference may become a factor in determining the 
size of a conductor on many lines rather than loss from corona. 
This is particularly true where the amount of power transmitted 
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will not require a large conductor, such as in taps from large 
trunk lines. There are many transmission lines in operation in 
which corona is a source of radio disturbance. Where these lines 
were installed in advance of radio reception, complaints have 
not been serious. Where, however, a new line is located in a 
moderately or thickly populated district, serious complaints are 
likely to result if the conductor size is too small. 

It is possible that a conductor having a rather high corona loss 
may not be as serious a source of radio interference as a larger 
eonductor with less corona loss. In the large conductor, the 
corona or discharge starts only after there is considerable poten- 
tial on the conductor, hence the radio disturbance may be more 
severe than for a smaller conductor which discharges initially at a 
relatively low voltage on the wave. Fora large range of conduc- 
tor sizes, however, it would appear that the magnitude of the 
radio disturbance curves will be approximately the same as that 
for corona losses shown in the paper. Fig. 1 shows such a series 
of tests run on several different sizes of conductor. 

In order to show that the disturbance is due to a discharge on 
the positive wave, a series of tests was run under the conditions 
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in Fig. 1 by using one large conductor which would be well above 
the corona point. Fig. 2, a, B, and c show the disturbances as 
indicated by oscillograms. 

It is possible that some method may be devised whieh will 
make it possible to determine the corona loss by a radio inter- 
ference method as a means of supplementing work similar to that 
carried out in the Ryan laboratory. 

The oscillograms show that the radio interference from a 
coated conductor Fig. 3 has been greatly reduced. Since a 
slightly increased dielectric strength in the air will greatly in- 
crease the corona point, it is evident that a coating having a slight 
increase in dielectric strength over that of the air may be very 
beneficial in reducing corona loss or radio interference. Figs. 2 
and 3 show the comparison between a plain and a coated conduc- 
tor in which it will be seen that radio disturbance and corona loss 
have been materially controlled. Fig. 4 shows two types of 
coated conductor one with control or projecting strands and the 
other with all strands coated with insulating paint or varnish. 


ohio Insulator Co, 
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It is possible that conductors of this kind may find a usein clearing 
up radio trouble or for operating at very high voltages or at high 
altitudes, as means have been worked out for coating conductors 
in place. 

Longer transmissions at higher voltages make information as to 
corona losses far more important than in the past and it is hoped 
that the work at the Ryan Laboratory will be extended as the in- 
formation is of great economic importance to the transmission 
industry. 

R. S. Daniels: In November, 1929, we put in operation, 
65 miles of 130-kv. line, and almost immediately experienced 
serious radio trouble. This trouble disappeared considerably 
in about three months from no reason that could be accounted 
for, other than that it was due to corona which in the meantime 
had decreased. 

The noise was readily detected from the ground by ear, and 
was about the same in the middle of a span as at the supports. 
This was checked on a span over 2000 ft. long, where the observer 
was about the same distance from the conductor when in the 
center of the span as when at the foot of the towers. 
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The conductor was Anaconda composite, stranded cable 
At one end 


2/0 conductivity, with a three-strand bronze core. 
the line joined an old line of 2/0 copper, operating at the same 
Both lines were similarly insulated and constructed on 
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wood “H” frames, and no similar noise was observed under the 


old line. 
E. Van Atta: It has been shown in this paper that corona 
losses were increased due to rain and that these losses remained 
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high after the gonductors had dried off. This fact is rather 
mystifying. fi 

J.B. Whitehead: Corona begins on a smooth round wire at 
a definite value of surface voltage gradient, dependent on the 
pressure and temperature of the air. Corona energy loss is due 
principally to the frictional motion of gaseous ions formed in the 
corona through the air towards the opposite conductor. The 
magnitude of the loss depends on the number of ions generated, 
their size, the distance they travel, their specific mobilities, 
and on the temperature, pressure, and moisture content of 
the air. 

The lack of uniformity and of definite indications of the results 
given in the paper by Messrs. Carroll, Brown, and Dinapoliis due 
to the impossibility of controlling or even measuring all of the 
factors which enter. The surface conditions of conductors are 
irregular, unknown, and uncontrolled. Corona begins at local 
spots and increases irregularly, the sizes and mobilities of the ions 
vary with the atmospheric conditions in an unknown way, and 
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the length of travel of space charge is uncertain in the unsym- 
metrical arrangement of the conductors. 

The same uncertainty has characterized all measurements of 
corona loss on lines in the open since those of Mershon, who first 
emphasized the unknown influence of atmospheric conditions. - 
Peek has attempted to take account of some of the unknown 
variables by the introduction of empirical constants into his 
formulas, but they do not cover all the factors entering, and the 
results of Ryan, Harding and others show only approximate 
agreement. 

The results of the present paper will have a certain value as the 
first measurements at 220 ky. It is regrettable, however, that so 
elaborate and carefully developed a measuring equipment should 
yield such indefinite results. In the writer’s opinion the greatest 
value is in the indication that corona loss can never be definitely 
computed in advance until a greatly simplified conductor surface 
is adopted, and the laws of the influence of atmospheric condi- 
tions are uncovered by controlled experimentation. _ 
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Development of the Porcelain Insulator 
BY K. A. HAWLEY?+* 


Member, A. I. E. E. 


Synopsis.—Porcelain insulators have been manufactured and 
used for the transmission of high-tension electric power for forty 
years. The first designs were of the single-piece and multipart 
cemented pin type. Necessity for higher safety factors against 
flash-over and increase in operating voltages demanded a rapid 
increase in the size of the insulators. This reached an economic 
limit at the operating voltage of 66 kv. The suspension unit over- 
came this temporary check of increased operating voltage. 

Further study of the electrostatic capacitance of the various parts 
and consequent voltage distribution, made marked refinements in the 
pin type insulator possible. During this time the single-piece 
porcelain suspension unit took practically its present form. 

Early improvements were the provision of proper expansion 
joints and the separation of the lip of the cap from the porcelain hood. 

Gradual improvements have since been made resulting in a great 
increase in mechanical strength. These changes have been princi- 
pally in hardware design. By experiment and analysis the shapes 
of the cap and pin have been determined to give a uniform distribu- 
tion of load from the pin to the cap. Constant check tests by the 
quick pull and time loading methods have shown that the suspension 


ORCELAIN insulators for the transmission of high- 
tension electric power have been made and used 
for a period of approximately forty years. Prog- 

ress in their design and manufacture can be divided into 
ten year periods. 

The last decade of the nineteenth century marked 
practically the beginning of electric ‘transmission in 
America and also the beginning of the continuous 
manufacture of porcelain insulators. Insulators of this 
decade were all of the pin type, both single-piece and 
multipart cemented types. Many of these old insula- 
tors are still in use, although rarely at the operating 
voltages for which they were originally designed. The 
safety factor against flash-over was rarely sufficient for 
practical requirements so where the voltage has re- 
mained the same larger insulators have in most cases 
been substituted. 

During the first ten years of the twentieth century pin 
type insulators advanced rapidly in size. Even at this 
early date it has reached its maximum economical size. 
For 66,000-volt transmission, pin type insulators proved 
to be quite satisfactory, but since the cost of the insulator 
varies as a power of its rating larger insulators of this 
type were not practical from a cost standpoint. The 
suspension insulator was the logical outcome of this 
temporary check. Comparison of the present pin type 
insulators shows that the cost is proportional to the 2.6 
power of its flash-over value. The suspension insulator, 
however, offers a resistance to flashover in direct pro- 
portion to the string cost. Plotting separate cost curves 
for equal arc-over values show that the curves cross at 
approximately the 66,000-volt operating range. This 


*Chief Engineer, Locke Insulator Corporation, Baltimore, Md. 
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insulator with properly designed hardware and a suitable coating 
on the cap to prevent the cement from adhering to the metal, has a 
high strength associated with electrical reliability. 

Ceramic research and exact manufacturing control has made 
possible the production of non-absorbent, thoroughly vitrified porce- 
lain of consistent strength. This has centered largely about the 
proper firing of the clay. 

Recent experiments wpon the properties of the combination of 
porcelain and glaze has eliminated surface stress and consequently 
assured stronger, longer lived porcelain. Still greater uniformity 
has been gained by glazing the sanded surfaces. 

The elimination of the abutting joint and the proper design of the 
cemented joint has stopped expansion troubles. Proper use of 
Portland cement has resulted in insulators able to withstand drastic 
temperature changes without harm. A recent improvement in the 
pin type insulator zs the metal threaded pin hole. This has lessened 
manufacturing and construction difficulties and in addition, due to 
the exact fit of the insulator on the pin, overcomes hidden corona and 


the consequent radio interference. 
* * * * * 


corresponds very closely to the usual practise and for the 
higher voltages the suspension insulator has almost 
invariably been used. 

During the next decade from 1910 to 1920, marked 
refinements in the pin type insulator were made. The 
earlier insulators were little more than porcelain cups 
cemented together with but a slight understanding of 
voltage division.!. The division of voltage is inversely 
proportional to the electrostatic capacities of the re- 
spective parts. These in turn are proportional to the 
adjacent conducting surfaces upon the porcelain, the 
cement being a conductor. As these surfaces were 
generally small on the central and top shells, these two 
parts carried most of the voltage. By careful study this 
condition was rectified and the correct balancing of the 
pin type insulator was one of the decided advances of 
this period. 

During this decade the suspension insulator took 
practically its present form. The unit using two pieces 
of porcelain, while in many ways satisfactory, necessi- 
tated a larger head diameter and a correspondingly large 
size of metal cap. The single porcelain unit removed 
these unsatisfactory features and was accordingly almost 
universally adopted. 

Experience promptly pointed out necessary refine- 
ments. Proper expansion joints were provided and the 
cap which originally had been allowed to rest on the 
porcelain was lifted, so that under all conditions it stayed 
clear of the hood. (Fig. 1.) With these improvements 
practically all field failures stopped. Insulators even of 
the largest size have established a perfect life record over 
a period of fifteen years. 

During the ten years just completed there has been a 


1. Insulator Depreciation and Effect on Operation, A. O. 
Austin, A. I. E. E. Trans., 1914, p. 1731. 
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decided improvement in the suspension insulator. This 
improvement is not the result of any radical changes but 
has been rather a matter of refinements of design and 
manufacture. Slight changes in hardware shape, for 
example, have resulted in a more uniform distribution 
of the load delivered to the shell with a consequent 
greater uniformity and higher average mechanical 
strength. The desirability of such improvements is 
constantly evident. Unexpected loads greatly in excess 


Fig. 1—Haruy 10-Incn Suspension Unit witH Expansion 
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of maximum calculated loads have been encountered and 
the strength of the insulator has been exceeded.? Three 
such failures upon insulators of the old type have oc- 
curred in the past two years in widely separated localities. 

It was at one time thought that the strength of the 
insulator was limited by the strength of the standard 
cement used, breakage resulting in loading tests from 
crushing and shearing of the cement and _ resulting in 
unfavorable loads on the porcelain. This is not so. A 
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Trst or CEMENT STRENGTH 


standard pin when cemented into a metal ring held 
consistently loads as high as twice the breaking strength 
of the insulator. 

Following this a cup of porcelain was prepared rep- 
resenting the head of an insulator. Into this a 
standard pin was cemented in the usual manner and the 
cup was then supported on its lower edge on a metal ring. 


2. Transmission Line Construction in Crossing Mountain 
Ranges, M. T. Crawford, A. I. E, HE. Trans., 1923, p. 970. 
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When pulled in this manner the standard pin was broken 
before it could be pulled from the cup. There was no 
evidence of bursting the cup unsupported except at its 
lower edge. 


Following the many efforts to improve the pin shape, 
attention was directed to the cap. An analysis based 
upon directions of stress from cap to pin indicated 
possibilities of improvement. Changes in caps were 
made by filling the cap with babbitt and turning to the 
desired shape and as high as fifty per cent increase in 
combined electrical and mechanical strength resulted. 

These caps when copied in malleable iron, however, 
showed no such improvement in performance. A close 
scrutiny of the previous tests on the caps containing the 
babbitt showed that under strain a slight slipping took 
place between the cap and the cement. Evidently the 
malleable iron caps must also be made to yield upon the 
cement. This research led to the painting of the inside 
surfaces of the cap with a suitable coating to prevent the 
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cement from adhering to the metal. When this was 


done the desired results were obtained. 


It was soon recognized that strength in quick pull- 
off was not always an indication of reliability. High 
strength against pulling apart must be associated with 
electrical reliability. The comparison of various avail- 
able standard rated insulators brought interesting results. 
The insulator that had been heralded as the strongest 
showed on time test the earliest electrical failure. The 
following table shows this in detail. 


The last two columns in the table show the results of 
the previous research. The provision of a yielding 
abutment to the arch of the insulator with no changes 
otherwise had greatly strengthened the unit. By no 
known test could any hazard be shown. 

Since then, constant checks and rechecks with slight 
changes in shapes have further improved the insulator. 
All such changes have been tried first by the quick pull 
(A. I. E. E. Standard 41-305; two thousand pounds 
increase per minute) and by time loadings. Such time 
tests are made in out-of-door frames subject to con- 
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TIME LOADING TESTS UPON STANDARD SUSPENSION INSULATORS 


Insulator A 


Insulator B Insulator C Insulator D Insulator D revised 
ae Hours held Result Hours held Result Hours held Result Hours held Result Hours held Result 
lb. String of 6 String of 6 String of 6 String of 12 String of 6 
6,000 150 OS. K 216 OV Ks 96 2E 168 On Kk 192 O. K. 
72 3 E 
7,000 168 O. K. 15 M 144 3. EF 15 M 168 ORK: 
24 4E 
8,000 48 M 96 4E 168 oO. 
9,000 240 4E 168 oO. 
10,000 168 5 E ; 24 M 
11,000 168 5 EB 24 M 


E—HElectrical failure. 


Numeral indicates total number failed. 


M—Complete mechanical failure of one unit in string. 


siderable vibration and all changes of the weather 
at both Victor, New York and Baltimore, Maryland. 


Fig. 


4—OurTpoor FRAME at VICTOR 


Outdoor loading frame for suspensions, levers and weights, used. Stand- 
ard strength units carrying 5000 Ib. and intermediate carrying 12,000 lb. 
since September 1927. All still sound. 


In addition to this, periodical check tests are regular 
routine. Sample check test report follows: 


PERIODICAL CHECK 'TEST 


A. Puncture (A. I. E. E. Standards 41; 153) 
(1) 145,000; (2) 140,000; (8) 152,000 volts. 
B. Mechanical Ultimate and _ Electrical Test. 
(A. I. E. E. Standards 41: 154). (1) 16,000; 
(2) 15,800; (8) 16,000 lb. 
C. Combined thermal—tension test. 
Water temperatures, 205 deg. fahr. and 39 deg. 
fahr. 
Ten minutes in each alternately. 
Initial load 4,000 Ib., increase 1,000 Ib. per cycle. 
Two units tested. First failure at 12,000 Ib. 
D. Time loading tests. Out-of-door any weather. 
Initial load 8,000 Ib., increase 1,000 Ib. each 
working day. 
Arced over before each increment of load. 
Two units tested, first failure 17,000 Ib. 


Efforts have been made to distribute the load upon the 
outside of the porcelain more uniformly by multiple 
stepped caps. No advantage in any test was observed 
and in many cases decidedly unsatisfactory results were 
forthcoming. The thin metal of the cap apparently 
yielded so that the upper step would carry more than its 
share of the load. Annular ridges within the caps are 
of the same character and are generally worse than 
useless. 

Similar tests upon the pin, however, have always 
shown advantages from the multiple stepped pin, pro- 
vided such steps are above the lower edge of the insulator 
cap. In this case, of course, the mass of the pin is 
sufficient to prevent any yielding. 

Most of the early porcelains were thoroughly vitrified, 
but only too often with an excess of flux (feldspar). The 
comparatively thin sections allowed quick firing and 
rapid cooling. Such over-fluxing and rapid cooling can 
only result in ware that is lacking in strength, and there is 
little doubt that differences in performance of individual 
specimens of the same type and lot of the old insulators, 
were largely the result of variation in strength. 

Over firing to the beginning of volatilizing of some 
of the ingredients (ceramically known as “bloat’’) has 
rarely been the cause of trouble. In fact, experience 
with such ware suggests that this condition may possibly 
be desirable rather than hazardous. 
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5—MopierN CEMENTED SUSPENSION INSULATOR SHOWING 
PROVISION FOR EXPANSION AND YIELDING JOINTS 


Fig. 


In some cases, under firing may have resulted in 
a short lived semi-vitrious ware which would be a 
cause of trouble. JWith the exact manufacturing con- 
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trol exercised today such conditions no longer exist 
and need not be considered in this discussion. The 
best porcelain today is recognized to be one of greater 
sturdiness, less flux, thorough vitrification, and careful 
cooling. Heavy sections have been demanded to with- 
stand external violence, power arcs, punctures, and 
various forms of mischievousness. Lesser flux means 
greater mechanical and electrical strength, but with 


this reduction in flux in the thicker sections far greater . 


care must be exercised in firing. Improper firing will 
invariably result in internal stress in the porcelain 
which seriously affects both the strength and life of the 
ware. Today constant thermal cycle checks are em- 
ployed (A. I. E. E. Standard 41-250; 350). Such tests 
are largely a measure of the care used in kiln cooling. 
Regular porosity checks are made to insure thorough 
vitrification and proper coordination between all 
details of firing. 

Recently greater strides have been made in the com- 
bination of porcelain and glaze. If the glaze covering 
the porcelain does not “fit”? due to its coefficient of 
expansion being different from the porcelain it will be 
under stress. When this stress is above the elastic 
limit of the glaze crazing or crackling of the surface will 
be apparent. In the majority of cases, however, there 
are no visible cracks and yet the strains are there. 
Add an external load either of a mechanical nature or 
due to thermal changes to those already inherent in the 
surface of the dielectric, and small cracks will develop 
which will form the basis for a progressive failure of 
the porcelain. 

Making and breaking in the testing machine com- 
parative rods with various glazes pointed the way to the 
elimination of surface stress and the consequent 
development of stronger, longer lived porcelain. As 
an even more recent development, further strengths 
and greater uniformity have been gained by glazing 
the sanded surfaces.* 

The abutting joint in the insulator assembly wherever 
found has been a source of trouble. As already ex- 
plained, the separation of the cap of the suspension 
insulator from the horizontal hood has stopped losses 
in that type. Similar breakages occurred when the 
caps of switch type insulators were placed upon the 
porcelain so that the cement would bear upon the 
fillet between the head and the horizontal hood. 
Wherever this has been done, especially in climates 
where freezing occurs, there have been insulator losses. 
When the cap and the cement within it have been kept 
above this fillet these breakages have not occurred. 

When the cap shrinks with cold or when free water 
between the cement and porcelain freezes there is a 
radial pressure against the fillet with an upward com- 
ponent. This reaction becomes a tension stress upon 
the porcelain—a stress which it is least able to carry. 

If the cement is above the fillet the stress is entirely 
horizontal and becomes purely a compression force 


3. D.H. Rowland, G. #. Review, March 1929 and June 1930. 
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upon the porcelain. Against such stress porcelain is 
one of the strongest materials known. 

Another form of the abutting joint is that which was 
used largely in pin type designs in the past. In this 
case the joint was between two porcelain parts. This, 
commonly known as the closed joint, was used chiefly 
for two purposes. First, such an insulator would be 
free from corona display at relatively high voltages, 
and second, the self-alining features of the closed joint 
offered a decided advantage in ease of factory assembly. 
The cause of the breakages experienced with this type 
of insulator was the same as with the suspension or 
switch type already described. The outer piece, how- 
ever, in this case was generally the weaker and was 
usually the first to break. The edges of the upper 
porcelain part at the joint were frequently thin and were 
consequently weakened by over-firing because of this 
thinness. 

Portland cement has been blamed for many insulator 
failures. It is certain that the chief complaint is not 
against the cement but against its improper use. It 
has been found that cement which will successfully 
pass the A. S. T. M. Soundness Test (A. S. T. M. 
Standard Specifications and Test for Portland Cement 
C9-26) is fit for insulator work. As a result special 
stress is laid on soundness, and every lot of cement 
before it is released for production is carefully checked 
as to this characteristic. In connection with this 
research, cement specimens were alternately soaked in 
water and frozen to — 20 deg. fahr. There was a slight 
contraction in the specimen corresponding to such a 
temperature drop. There was no increase in length 
which would correspond to a volume increase by forma- 
tion of ice crystals. This confirms. statements made 
by cement manufacturers that water within the colloi- 
dal structure of the cement does not freeze. Any harm 
done by freezing must be from free water within open 
voids in the cement. 

Let us assume that the cement and central porcelain 
parts completely fill a porcelain ring outside of it. A 
ring of porcelain placed about an unyielding central 
part must shrink according to the following formula 
to destroy itself. 

Let:— 

E = Modulus of elasticity 

C = Coefficient of expansion 
= Strength per unit area 


t = Temperature difference 
Then, 
S : : 
i EC for shrinkage to cause porcelain breakage 


Assuming, 

E = 7,500 lb. per sq. in. 

C = 0.0000025 (fahr.) 

S = 5,000 lb. per sq. in. (conservative) 
then, 

t = 267 deg. fahr. 
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_ Examination of the open type of cement joints 
shows that insulator failures have almost always 
occurred in those insulators with wide cement joints 

or with great cement masses, or with overfilled tapered 

‘joints. 
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Fie. 6—Sare anp Dangerous Liuits In CEMENTED JOINTS 


All cement when drying shrinks. Mixtures which 
contain the smallest percentage of water are those 
which show the least shrinkage when drying. Such 
mixtures are also stronger. The use of 14 sand in 
the mix will cut down the shrinkage exactly 14 and 

make the material much more inert. When the cement 
shrinks against the parts within there is a tendency 
towards cracking of the cement. This cracking is 
reduced to a minimum, if not prevented entirely, if 
the cement joints are narrow, if the cement is dense 
and strong, and if it is firmly anchored in place by 
_ sanded surfaces upon both sides of it. Where insulators 
with these features have been found there have been 
no breakages. 
_ On the other hand, where there has been an excessive 


shoulder which is opposite the outer end of the pin 


- now quite uniformly us 
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adjacent to a crack in the cement as a result of localized 
pressure. 

‘An examination of insulators made over a long 
period of time shows that they can be separated into 
groups, one of which may be expected to fail and the 
other not. This dividing line has been sufficiently 
sharp and close that a reasonable insulator life may now 
be confidently predicted. The modern insulator is 
made with cement joints as narrow as manufacturing 
tolerances will allow, while the cement used is dense 
and contains a minimum amount of water in the mix. 
The joints are not overfilled and the cement is fully set 
and expanded by curing at a suitable temperature in a 
saturated atmosphere. 

One of the recent improvements in the pin type 
insulators has been the metal threaded pin hole. It 
is relatively difficult to manufacture porcelains with 
the thick sections demanded by modern practise. 
These thick sections even under the best controlled 
conditions do not shrink uniformly. This is chiefly 
due to the condition of the plaster mold. The amount _ ‘ 
of moisture in the mold varies during different hours in 
the day due to week end and other interruptions. 


Fig. 8—Insuntator Parr Drying in Mop. SHOULDER j 
Driep QuicKkLy BY ConTACT 


While the piece is resting within the mold it partially Se 
dries, shrinks, and rests upon its shoulder. This i" 


hole dries rapidly ahead of other sections. It takes a 
quick shell like set, and later on restrains the clay im- 
mediately under it from shrinking at the normal rate 
of the other parts of the piece. This results in a dis- 
tortion of the pin hole which cannot be accurat 
foretold and compensated for. Realization 
to the adoption of the metal thread. This » 


is 
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Discussion 


S. Withington: The increasing reliability of insulators for 
medium and high voltages is a source of a great deal of gratifi- 
cation to all who are interested in maintaining the integrity of 
power supply, and there is no doubt that there has been satis- 
factory advance in this direction, as those associated with trans- 
mission and distribution of power before the war will agree. 
It is perhaps an overstatement, however, to say as Mr. Hawley 
does, that “insulators even of the largest size have established a 
perfect life record over a period of fifteen years.” 


It is true that the initial cost of insulators is relatively small 
when compared with the total construction expenses involved 
in a transmission line, and it is also true that this cost is relatively 
unimportant where continuity of service and the cost of replace- 
ment are considered. Nevertheless, the fact remains that the 
initial cost of standard types of porcelain insulators has risen 
in the past few years more than the normal indexes would seem 
to justify, and it is to be hoped that when the expenses of develop- 
ment to which Mr. Hawley briefly refers have been amortized 
there will be a marked decrease in cost of the consumer. 


It would be of interest if Mr. Hawley were to expand his 
reference to the metal threaded hole for pin insulators. This isa 
development which is especially important in connection with 
the curing of cement at suitable temperatures to which Mr. 
Hawley refers. 


Steam railroad electrification presents an important field in 
the use of insulators. In addition to the problems presented by 
the smoke from steam locomotives operating over electrified 
tracks, the requirements in general are similar to those of 
standard distribution and transmission lines, but the support, 
and particularly the dead-ending of the catenary system, produce 
somewhat heavier mechanical stresses and it is necessary that 
insulators be designed accordingly. There are numerous occa- 
sions also where on account of close clearance and for otherreasons 
special forms of insulators are required. Pedestal type insulators 
are often necessary at low bridges, tunnels, etc., and the closest 
attention of the manufacturers should be given to satisfactorily 
adapting insulator design to these general requirements. It is 
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A. O. Austin: The general characteristics of insulators having 
different types of mechanical construction are shown in Table I. 

In the past losses due to abnormally high working loads have 
been negligible although losses due to differential thermal expan- 
sion or to concentrated loads have been very high, necessitating 
reinsulation in many cases. 

Where long life and reliability are desired, low stress in the 
dielectric, due to the combined working load and differential 
expansion, is far more important than a good factor of safety 
for the working load based on the maximum or ultimate on test. 
Mr. Hawley has pointed out that the applied load produces an 
outward thrust tending to expand the cap, which may be re- 
garded as the abutments in an arch structure. 


tension on insdator, 2 


Figs. 1 and 2 show the general relation of stresses produced by 
the working load. 
Let O T = L = load applied to insulator. 

Then O A = force in magnitude and direction, between the 
pin and bead or rim of cap, due to load O T. 

AT = P is the horizontal component of O A or the total 
radial stress set up in cap and porcelain. 

Then P = L tan8 

If Dis cap diameter at bead or rim, 7 D is the circumference 
and : 


PN 3 i : ; iS L tan B ; : 
probable that with increasing electrification of railroads more p= = = radial stress per inch of cap circum- 
attention can be given to this phase of the subject and a satis- aD 7D 
factory solution reached for the various problems involved. ference. 
TABLE I 
Characteristics for working loads 
Inherent 
Style Construction Light loads Medium loads Heavy loads High test loads limitations 
1 Porcelain and metal Good Fair Heavy metal parts Fair Low permissible tem- 
fixed with high thermal perature range and 
stress stress in metal 
2 Compensated by slip- | Good if slipping does | Good if slipping does | Good for moderate Good Shearing stresses due 
ping or wedging not take place due| not take place fol-| range of tempera- to variation in loads 
to thermal expan-| lowed by reduction| ture and load and temperature 
sion of cap or con- in load or tempera- 
traction of pin ture 
3 Resilient metal and Good Good Good Fair Cap and porcelain dis- 
joint tortion 
4 Restoring compen- Good Good Good Good Shear due to small 
sated bearing area and 
concentrated load 
5 Resilient and com- Good Good Good Good Cost 
pensated 
6 Link Good Fair Poor Poor Shear due to small- 
bearing area and to 
inherent form 
tt Porcelain in tension Good Good Good Good Necessity of multiple 


strings to offset me- 
chanical hazard 
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If ¢ = tangential stress in bead of cap 
Bee ae L tan B D _ LtanB 
2 27 D 27 


The circumferential stretch in the cap bead for load L will 
then be 


Mam Ltanp oD L tan B D 
AE 2 i A Ree aay Te 
Where A = cross sectional area of cap bead and 

E = modulus of elasticity. 


From this it will be seen that dividing by 7 gives the dia- 
metrical distortion A D. 


L D tan B 
27 AE 


By applying the proper values to the above equation and 
setting up a similar equation for the deformation of the porce- 
lain, the radial distortion may be computed. If we assume 
that this amounts to approximately 0.008 in. for both cap and 
porcelain, and that the slope of the bearing ring of the cap 
Z Y OT, issuch that the tangent of Z Y OT = 0.5, the amount 
of slip between the cement and the bearing surface of the cap 
which will compensate for the distortion, can be readily com- 
puted, or the 


Longitudinal slip = 0.008/0.5 = 0.016 in. 

While the slipping readily compensates for the distortion, 
giving high test values, reference to Fig. 3 shows that with the 
reduction of load a heavy unbalanced radial component may 
result which will tend to cause shearing of the porcelain. The 
coating of the surfaces with asphalt, graphite or metal foil 
will tend to control the coefficient of friction. The chief diffi- 
culty is that the coefficient of friction is likely to change with 
time. 


Hence A D = 


While a few of the very high ultimate insulators were made 
some years ago in which the cap slipped to give the highest 
ultimates, it is believed that the initial stress set up by the 
temperature of assembly was such that slipping did not take 
place under maximum working load. The last of the above 
equations shows that the increase in diameter of the cap due 
to a given load will vary directly as the diameter and inversely 
as the effective cross section of the area and the modulus of 
elasticity. This has long been recognized, as many of the very 
heavy insulators used for long spans and catenary work have 
had reinforcing ribs to reduce cap distortion. Heavy cap con- 
struction, however, may result in high shearing stresses with 
low temperatures and light loads unless the pressure is tapered 
off near the edge of the cap. Reference to Fig. 3 shows the 
general relation of stress components for the insulator shown 
in Fig. 5 of Mr. Hawley’s paper. 

With a heavy plastic material such as asphalt, the angle L 
during setting up the load may be much smaller than the angle 
§ which is effective in restoring the porcelain and cap to normal 
condition. While this arrangement is beneficial in giving 
high test value, the shearing stress set up in the porcelain with 
light working loads may create a hazard. Since porcelain is 
relatively weak in tension and shear, unbalanced radial com- 
ponents which will set up shearing stresses are dangerous, 
regardless of the ultimate as they may cause ‘‘dough-nutting”’ 
which is due to the radial stress from the cap shearing the head 
of the insulator from the flange at low temperature or under 
a light load following a heavy load. 

Fig. 2 of Mr. Hawley’s paper is hardly applicable to insulator 
design as the large section of metal in the ring surrounding the 
pin reduces distortion to a negligible quantity. The very short 
cement strut between pin and ring will have but slight distortion 
compared to the very long strut made up of cement and porcelain 
in the insulator. Furthermore, a crack in the cement due to 
a displacement might not cause failure whereas a crack in the 
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insulator due to distortion would result in dielectric failure 
with the possibility of mechanical failure due to an explosion 
from discharge through the fault. 

In many of the earlier insulators equipped with sanded sur- 
faces, the sanding was covered with glaze, the sand grains 
forming pyramids with the surface. At high mechanical loads 
there is a tendency for this surface to slip and compensate 
for distortion. It would seem that it is this slipping which 
increases the mechanical ultimate on test. This, however, is 
gained at the expense of resiliency in the joint. 

The mechanical characteristics which may be developed in 
the porcelain depend to a large extent upon the method of 
making the test and the size of samples, the small samples 
giving abnormally high values which cannot be developed in 
the larger sections necessary in practical construction. A 
glaze which will tend to cause crazing will reduce the mechanical 
ultimate; whereas a glaze which will tend to cause shivering may 
increase the mechanical ultimate for some conditions. For 
best conditions, the linear coefficient of expansion of the glaze 
and body should be the same. It is believed that the latter 
condition will produce the best results as there are many insu- 
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Radial component 


lators which have been in service for some years in which there 
is no evidence of failure. The first of the insulators of the 
type shown in Fig. 7 were installed in 1914 and have shown 
no evidence of cracking. 

The limit of 267 deg. given by Mr. Hawley applies to porcelain 
only. Even in this case the figure must be materially reduced for 
concentrations of stress owing to the shape of the parts. Where 
porcelain and metal are used together the limits in temperature 
may be comparatively low. ‘To offset this limitation the resilient 
joint is exceedingly valuable for either the pin type or suspension 
insulator. 

If the conditions in Fig. 8 cause trouble, they can be largely 
remedied by coating the mold so as to prevent absorption of 
water at the shoulder, or by trimming the case hardened surface 
while the insulator part is soft. 

If thin metal thimbles are used for threads there is always 
danger that the screwing of the insulator on the pin will pro- 
duce a dangerous longitudinal or radial stress which will cause 
destruction of the insulator. It is, therefore, advisable to 
use heavy thimbles which will prevent damage to the insulator. 
With this arrangement, however, the insulator is subject to a 
thermal stress which is lacking in the case of the insulator 
having the thread made in the porcelain. The longest lived 
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insulators are apparently those which have threaded porcelain 
pin holes mounted on lead tipped pins, of proper design. 


While the correction for distortion in the suspension insulator 


pointed out by Mr. Hawley is highly desirable for heavy loads, it 


is even more essential that the stress return to normal condition 
with the relief or the reduction of the load. Coatings which 
flow are not resilient and any unevenness in a coating with rigid 
parts adjacent may cause a concentration of stress and destruc- 
tion. While a compensating or resilient structure for the cap or 
outer cement joint can be used to advantage, the cost of this 
type of construction is such that with the present high standard 
of insulators it has been impossible to commercialize the design 
embodying this feature. Reducing the coefficient of friction 
of the surface to zero will make the compensated type of con- 
struction safe over a much wider range of working conditions. 
It would seem, however, that this type of construction must be 
brought about by a roller bearing surface of joint or one equipped 
with tilting struts. 


In the past, insulators having high ultimates have always 
shown the shortest life. It is, therefore, a serious mistake 
to use an insulator having a higher ultimate than is necessary 
for the maximum working load as the effective factor of safety 
for the maximum stress in the porcelain may be seriously lowered 
due to inereased thermal stress from the stronger metal parts. 


The time lag before defects are apparent, together with the 
wide yariety of conditions encountered in service, makes it 
exceedingly difficult to predict results from design or accelerated 
tests. 


K. A. Hawley: Mr. Withington’s statement that the cost of 
insulators has risen more than the normal indexes would seem to 
justify is quite true, but it must be realized that the great im- 
provement in the design and quality of high-voltage insulators 
which has occurred in the last decade has necessitated a great 
increase in overhead cost. The larger manufacturers maintain 
million-volt high-voltage laboratories which have a very large 
carrying capacity. The plant routine is much more extensive 
than ever before. For example, some years ago the routine 
electrical test applied to suspension insulators was simply a 
60-cyele flash-over on the unassembled porcelains. Today the 
porcelains are flashed over at both 60 eyele and high frequency, 
assembled, pulled to 40 per cent of their guaranteed strength, 
and then flashed over again. The other routine processes of 
inspection and check throughout the plant have been extended in 
a manner similar to the electrical tests in order to produce units 
of the reliability which is now demanded. 


Insulators are required to be nearly perfect, surface imperfec- 
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tions being no longer tolerated. This perfection has been reached 
only at a marked increase in cost which must necessarily be 
earried by the customer. 

Mr. Austin’s statement that the linear coefficient of expansion 
of the glaze and body must be the same does not check up with 
our test results. It is impossible to test a glaze and a body with 
respect to the coefficient of expansion separately and then to put 
them together and to expect thus to get the best results. The 
intimate contact between the porcelain and glaze causes some of 
the constituents of the glaze to run into the body and vice versa. 
We have definitely found that a glaze which will give the highest 
mechanical strength to a given porcelain will give the best results 
in insulators. 

The use of metal thimbles in the pinholes of pin type insulators 
cannot possibly be more of a hazard to the insulator when screw- 
ing it on to the pin than would be the case with the ordinary plain 
pinhole and lead-covered pin. The thickness of cement between 
the thimble and the porcelain will go a long way towards distrib- 
uting any stress which may be produced, and in preventing a 
concentration on the porcelain itself which might produce 
eracking. 

It is impossible to agree with Mr. Austin’s statement that 
insulators having high ultimate strength have always shown the 
shortest life. It is very true that an insulator may be designed 
which will give a very high ultimate strength and a low mechani- 
cal and electrical strength, but if the design is correct these two 
points will be very close together and it may be expected that 
such insulators will give a much longer life in service than those 
of low mechanical strength, other things being equal. The 
thousands upon thousands of high-strength insulators that have 
been giving perfect service for years substantiate this. 

Due to the heavier line construction which is becoming more 
and more prevalent, insulator designs that will be the most 
effective from a mechanical standpoint will be the most economi- 
cal from a cost standpoint. It is hard to reconcile Mr. Austin’s 
statement regarding insulators of high ultimate strengths when 
it is realized that the units which are being made today by a large 
majority of the manufacturers have mechanical strengths prac- 
tically 50 per cent greater than units of the same size which were 
made afew yearsago. This increase in strength has been brought 
about by better attention to small details and a better under- 
standing of ceramics. It is believed that the modern units will 
give service in the field of a character which has never been 
surpassed. It is only fair to give to the operating companies 
the economic advantages brought about by constant research 
work in the mechanical and electrical design of porcelain 
insulators. 
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Synopsis.—Improvements in steam power generation and 
economic changes in the fuel supply have caused increasing interest 
in steam power on the Pacific Coast. 

After a brief history of the development of steam power on the 
system of the Pacific Gas & Electric Company, the author discusses 


some of the fundamental factors entering into the problem of pro- 
viding additional steam plant capacity for this company in accord 
with the changed economic conditions. 

The.author describes recent work completed and under construc- 
tion and gives some of the economic results obtained and expected. 


INTRODUCTION 


Aw a result of recent progress in the art of electric 
generation by steam power, most of the utilities 

on the Pacific Coast are either engaged on or 
planning power developments in which steam is pre- 
dominant or occupies a very prominent position. 
Consequently, the economics and design of steam plants 
formerly of little interest to most Pacific Coast utility 
executives and engineers, are now of increasing 
importance. 

In this paper will be discussed some of the funda- 
mental factors entering into the problem of increasing 
the steam electric generating capacity on the system of 
the Pacific Gas & Electric Company and a brief de- 
scription will be given of work recently completed and 
under construction. This will be preceded by a brief 
history of the steam power development of this com- 
pany and a short description of the design features of 
the older plants together with service and operating 
requirements. This will serve as a background to the 
general picture and enable one readily to orient himself 
with respect to the various features involved. 


HISTORY 


The electric system of the Pacific Gas & Electric 
Company and its subsidiaries as it now stands, is 
essentially an interconnected system supplying service 
to almost the whole of Northern and Central California, 
an area roughly 425 miles long and 150 miles wide with 
a peak demand of about 850,000 kw. and an annual gen- 
eration of about 4,500,000,000 kw-hr. Fig. 1 is amapof 
the generating and transmission system. Out of a total 
of 1,100,000 kw. in generating capacity, 300,000 kw. 
or roughly 30 per cent is in steam. It has reached its 
present size by consolidation and extension covering a 
period of over 40 years. The nuclei for this growth 
were the independent systems which had been started 
in San Francisco, Oakland, Sacramento, and San Jose, 
all supplied from generators driven by steam engines. 
Thus, originally the output was entirely steam power. 

The development of high-voltage transmission about 
1900 enabled water power to be brought to these and 
other cities at a cost much lower than steam power, 


1. Pacific Gas & Electric Co., San Francisco, Calif. 
Presented at the Pacific Coast Convention of the A. I. E. E., 
Portland, Oregon, Sept. 2-5, 1930. 
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which was then unable to hold its position and was 
rapidly shoved into the background. Steam power 
would undoubtedly have been almost entirely sup- 
planted but for two factors, viz., first, the unreliability 
of those early lines, and, second, the entire lack of sites 
for, or prohibitive cost of reservoirs to provide the 
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necessary storage to enable the water power plants to 
carry the load during the dry seasons when the stream 
flows fell greatly below normal. 

During this period of great water power development 
supplementary steam power was necessary, and hence 
the growth of steam and water power followed some- 
what roughly together. Up until about 1924 the ratio 
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of total steam plant capacity to system peak demand for 
the Pacific Gas & Electric Company system varied 
rather consistently from about 40 to 60 per cent and the 
ratio of kw-hr. generated by steam to the total, ranged 
from about 15 to 30 per cent. For the years 1924 to 
1929 inclusive, these data are shown by the curves in 
Fig. 2. During these years the ratio for kw-hr. output 
swung through a very wide range, the high point being 
slightly higher and the low very much lower than for 
any previous year. The high point of steam generation 
was for the excessively dry year of 1924 and the low 
point was in 1927 when there was an excess of water 
power due to the completion of several water power 
projects in Northern California. 

The increase in steam power capacity was obtained 
by the gradual process of adding one unit at a time, 
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first engine driven up until 1907 when the first turbine, 
_avertical one of 9,000 kw., was installed at Station ‘‘C,”’ 
Oakland. The engines were then within a few years 
all replaced by turbines with the exception of two 3,500- 
kw. units at Station “‘A,” San Francisco, which were 
just recently removed to make room for a 50,000-kw. 
turbine set. At the beginning of 1928, there were seven 
steam plants on the system ranging in capacity from 
1,000 to 64,000 kw. The largest turbine unit was 
15,000 kw., the largest boiler 8,900 sq. ft., and the highest 
steam pressure and temperature were 250 lb. and 540 
deg. fahr. respectively. 

The requirements for the steam plants during the 
period under review were: (1) low investment cost 
since the load factor on steam over a period of years 
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was not high, (2) high reliability, since steam was 
always the pinch hitter during seasons of low water and 
at times of sudden failure of a line, flume, or some other 
part of the water power and transmission system, and 
(3) the ability to pick up full load quickly from a very 
light load condition. On the whole, these plants met 
the above requirements very satisfactorily. They have 
never seriously failed to meet the service demands made 
upon them in the way of picking up load in the event of 
line or other failures on the water power system although 
no especial features of design were employed to enable 
the equipment to respond rapidly to a sudden increase 
of load. Dependence was placed entirely upon keeping 
sufficient turbine capacity on the line at very light load, 
that is, from just floating to 5 per cent of rating, with 
corresponding boiler capacity either steaming or with 
pressure at or near that of the line, and the ability with 
oil firing to get boilers to full steaming capacity in a 
very short time. Experience has proved that under 
the conditions just outlined, full load could be picked 
up with little or no disturbance to service. Usually 
the disturbance was for only the momentary time 
required for the operator to separate the load to be pro- 
tected together withits steam standby from the transmis- 
sion system in trouble. 

The efficiency of these plants was rather low, averag- 
ing about 30,000 B. t. u. per kw-hr. and the operating 
and maintenance costs were rather high during dry 
years when the plants were forced for considerable 
lengths of time, but since the excessively dry years 
occurred on an average of only one in seven, the 
average maintenance costs over a seven year cycle were 
not excessive for plants of their time. 

At the beginning of 1928, the investment per kw. 
varied among the plants from about $60 to $80; the 
steam pressures and temperatures were low, the design 
was simple with no economizers, fans, or automatic 
devices worth mentioning. The auxiliaries were mixed 
steam and electric in order to maintain a sort of heat 
balance at or near full load and to draw most or all of 
the power for auxiliaries from the water power system 
during light load times when there was an excess of 
water. 

PLANS FOR STEAM POWER DEVELOPMENT 

About four years ago it became apparent that the. 
economic relation between steam and water power had 
become reversed. The reasons for this change were: 

1. The generally increasing cost of additional water 
power due to the best sites having been developed and, 
for sites already developed, the rather prolonged series. 
of years of subnormal water supply which indicated that 
the supply was not so great asformerly supposed. 

2. The rather pronounced lowering of steam power. 
costs, due to improved efficiency, lowering investment, 
operating, and maintenance costs, and for California, 
at least, the oversupply of oil with consequent reduction 
in price, and finally the tremendous production of 
natural gas and its supply to Northern California. 
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A comprehensive plan was developed which would 
provide not only for the immediate needs, but also for 
at least fifteen years hence in the matter of the acquisi- 
tion of steam plant sites and transmission line rights-of- 
way for lines necessary to connect such sites with the 
general system. The main objective involving power 
development is, of course, always the economic one to 
provide power at the lowest possible cost. Furthermore, 
for the Pacific Gas & Electric Company, the new units 
should perform at least as well as the existing ones in the 
ability to pick up load quickly. In working up this 
plan consideration was given to all the elements involved 
which included: 

1. Sizes of units and when and where to be installed. 

2. Costs for investment, maintenance, operation, 
and fuel. 

3. Obsolescence. 

4. Operating reliability and flexibility. 

A careful study was made of all the factors entering 
into the above elements. These factors included such 
items as: 

1. Newplants versus rebuilding of the old plants. 

2. Sizes of turbine and boiler units. 

38. Steam-pressure and temperature. 

4. Extraction heaters, economizers, air heaters, and 
furnace water walls. 

Most, if not all large systems have a need for two 
types of generating units, the first highly efficient for 
so-called base load operation, and the second for peak 
load service and reserve. The Pacific Gas & Electric 
Company also requires a third type which is required 
only in excessively dry years, the occurrence of which 
are infrequent and uncertain. That any given year will 
be very dry is not known until about February. It is 
very difficult if not impossible to provide against such 
deficiency of water, unless such abnormal deficiencies 
are recognized as liable to occur and provided for at all 
times. Examples of where failure to provide for this 
contingency have resulted in power shortage are well 
known. On the Pacific Coast such cases occurred in 
California in 1924 and in the Northwest in 1929. The 
Pacific Gas & Electric Company has never found it 
necessary to cut off load on account of a dry year except 
during the war when it was required to curtail new con- 
struction on account of war conditions. 

On account of the available space conditions at Sta- 
tion “‘C”’ and the nearer location of Oakland to the water 
power supply, it was determined that increased capacity 
at Station “C,’”’ at least to the extent of 75,000 kw. 
would conform to the second type of plant just men- 
tioned and that Station “A” would provide the first 
type. To provide for the third type of capacity, it was 
decided to retain the North Beach plant in San Fran- 
cisco and the Station ““B” plant in Sacramento with a 
combined capacity of 35,000 kw., and these during 
normal years would probably be shut down. 

The problem of how best to provide peak and reserve 
capacity is not always clear as is evidenced by the dis- 
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cussions which appear from time to time, and include 
proposals such as steam plants with accumulators and 
pumped storage for water plants. It is believed that 
the most practicable way to obtain such capacity in 
steam is to provide overload capacity for each unit. 
The rating of both turbines and boilers is entirely arbi- 
trary. The maximum output of a turbine is deter- 
mined by the maximum steam flow for a unit built to a 
given frame. A boiler can be forced to a very high 
output. The ratings may be set according to the effi- 
ciencies desired for both turbines and boilers and the 
maintenance cost for boilers which will increase at high 
outputs. 

Cost studies showed that it would be more economical 
to rebuild and enlarge Station ‘‘A” in San Francisco 
and Station “C” in Oakland than to provide the same 
additional capacity at new sites. Both of these sites 
are admirably located with respect to both cooling water 
and their loads, and for both plants there are substan- 
tial investments in electrical equipment and outgoing 
duct lines and cables which can be utilized for greater 
capacity. The Station “‘A”’ site is suitable for a total of 
about 260,000 kw. and that at Station “C”’ for about 
175,000 to 200,000 kw. It was therefore decided that 
the program would proceed along the line of first de- 
veloping the Station “‘A”’ and Station ‘‘C”’ sites. 

It is, of course, always the desire to hold investment 
costs as low as possible, but this should not be carried 
to the point where maintenance and operating costs are 
adversely affected. It was fixed as a policy, however, 
that no investment cost would be increased to reduce 
any estimated maintenance or operating costs unless 
such reductions were sufficiently large to appear certain 
of occurring. 

The size of turbine and boiler units has a marked 
effect upon costs. This is particularly true of large 
boiler units. Investment per kw. is lower for large 
units, efficiencies are higher, and operating costs are 
much lower, and the investment for automatic control 
and instruments is decidedly lower. Large units, 
especially boiler units, are more flexible as regards load 
fluctuations and there is no reason to believe that they 
are not just as reliable as small units. Costs for 
maintenance and periodic inspection are less for large 
turbine units than for small ones and should be no higher 
for large boiler units, and maintenance costs for auto- 
matic control equipment is much less, since the cost and 
amount of such equipment is almost entirely dependent 
upon the number of units and not upon the size. 

In the matter of pressure and temperature, it was 
recognized that the trend was very definitely to higher 
pressures and temperatures. Careful estimates made 
in 1926 showed that a plant operating at 450 lb. pres- 
sure should cost no more than one operating at 250 Ib. 
although the use of 650 lb. with reheating would cost 
more. No very careful estimates at that time were 
made for 1250 Ib. since that pressure was then regarded 
as still in the development stage. The use of pressures 
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and temperatures as high as consistent with reliable 
operation will, of course, have a favorable influence 
upon obsolescence. 

Extraction heaters, economizers, and air heaters, 
although adding complication as compared with the old 
plants did not seem to affect reliability adversely and 
their use was considered entirely a matter of economics. 
With reference to furnace water walls, an installation 
made in 1925 in one boiler as a trial had definitely 
showed that their use would not only reduce furnace 
maintenance, one of the largest items of boiler room 
maintenance, but would greatly improve reliability. 
They were necessary if boilers were to be operated at 
high rating with mechanical atomizing oil burners, 
since with such burners furnace temperatures of the 
order of 3200 deg. fahr. are encountered. 


To obtain increased steam power capacity, the first in- 
installation was to be made at Station “C,”’ to be fol- 
lowed with the next increase at Station ‘‘A,” San 
Francisco. From the studies made in 1926, it was con- 
cluded that design for Station “C’”’ should be based 
upon 450-lb. drum pressure, approximately 750 deg. 
fahr. total steam temperature, large boilers with water 
walls, the question of extraction heaters, economizers, 
and air heaters to be a matter of economics and layout 
in the space available. It was further concluded to 
install automatic control. 


INSTALLATION AT STATION ‘‘C,’”’ OAKLAND 


The installation for a 37,500-kw. unit at Station “‘C”’ 
was started in 1927 and put into operation in October, 
1928. The size of turbine was determined by the then 
existing turbine room which permitted with a small 
extension the erection of two 37,500-kw. turbines in the 
space occupied by two vertical units, one a 9,000 kw. 
and the other a 12,000 kw. In line with the type of 
capacity desired, viz., the second type mentioned above, 
and on account of space limitations, a 37,500-kw., 
9-stage impulse multi-valve turbine with guaranteed 
overload capacity of 42,000 kw. was selected. This was 
quite a departure from established practise. As com- 
pared with the conventional unit of this size, it has 
better efficiency up to about 30,000 kw. and by extracting 
heavily its efficiency is not greatly less for higher loads, 
and the cost for the unit, foundation, and building was 
about $1.50 per kw. less. For the load conditions it will 
have to meet during its life, it should be considerably 
more efficient. 

Straight tube sectional header boilers were decided 
upon because experience on the whole had been better 
with this type than with the bent tube type. The size 
was selected by making the width the maximum that 
could be obtained for a riveted drum, and the number of 
tubes high was made such that without an economizer, 
the preheated air temperature would not exceed 500 
deg. fahr. With 24-ft. tubes, this resulted in a very 
economical unit of 35,453 sq. ft. with a maximum 
guaranteed output of 425,000 lb. per hr. having about 84 
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per cent efficiency at maximum output with an air 
heater of 51,232 sq. ft. 'Two such units were installed, 
one to serve as a spare for the first and future turbines. 
A maximum steam temperature of 730 deg. fahr. was 
selected as the highest then considered desirable without 
the use of alloy tubes. 

Approximately 25 per cent of the throttle flow is 
extracted for feed water heating with a final tempera- 
ture of 390 deg. fahr. A single pass condenser of 
28,000 sq. ft. was installed and although the capacity of 
the plant was increased from 33,500 kw. to 68,000 kw., 
no additional pump capacity for circulating water was 
required. 

Automatic equipment was provided for combustion 
control, condenser hotwell level, feed water pressure, 
and drum water level. 

Auxiliary power is supplied from two three-phase 
transformers connected to the main station buses. 
Most of the motors, including one 500-hp. synchronous 
motor, are started on full voltage. 

This brief description will give an idea of the type of 
design and character of the equipment. The over-all 
cost of the plant including land, building, etc., after the 
installation of this unit and increase to 68,000 kw. 
capacity was very closely the same per kw. as for the 
original 33,500-kw. plant, although the efficiency was 
about doubled and the operating and maintenance costs 
reduced to about half on a kw. basis. The turbine has a 
maximum output of 43,750 kw. and each boiler has put 
out 435,000 lb. per hr. The boiler room installation 
is quite compact and occupies 7.7 sq. ft. of ground area 
and 586 cu. ft. of building volume per 1,000 lb. per hr. 
output. This includes the boilers, air heaters, fans, 
and fuel oil pumps and heaters. 

The new unit was put into service in October 1928 
and shortly thereafter on account of very cold weather 
in the mountains with consequent reduction of water 
supply, was required to carry practically a continuous 
load of 48,750 kw. until some time in February. It was 
therefore not until the spring of 1929 that the turbine 
or a boiler could be taken out of service for the necessary 
adjustments of automatics, etc., incident to the starting 
up of anew unit. Leaving out of account the time when 
equipment could have been operated, but was out for 
adjustment of automatic equipment, the turbine during 
1928 was available over 99 per cent of the year and both 
boilers about 96 per cent. Theturbine output wasona65 
per cent capacity factor and the net output was just at 
the rate of 14,000 B.t.u. per kw-hr. The auxiliary 
power was 3 per cent. It is to be noted that the unit 
was loaded very unfavorably since for practically all of 
the time the load was either very light (500 to 1000 kw.) 
or with heavy overload at 43,750 kw. and for very little 
or none of the time at the most efficient point of about 
30,000 kw. 

Curve 8, Fig. 2, shows the average kw-hr. per bbl. of 
oil for all the plants for the years 1924 to 1929 inclusive. 
The effect of the Station “C”’ installation is easily seen 
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by referring to curve 4. In 1924 operating on 54 per 
cent capacity factor for the total system steam capacity, 
the net output was at the rate of 205 kw-hr. per bbl., 
but in 1929 although the capacity factor was only 25 
per cent, the net kw-hr. per bbl. was raised to 260. 
Had the capacity factor been 54 per cent, the kw-hr. 
per bbl. would have been about 280, which represents a 
saving of 36 per cent in fuel. 


INSTALLATION AT STATION “‘A,’’ SAN FRANCISCO 


In 1928 studies were made for the rebuilding of Sta- 
tion “‘A”’ and included plans and estimates for 450, 750, 
and 1350 lb. drum pressures. The use of any pressure 
between 450 and 1350 lb. was shown to be uneconomical 
and it appeared that 1350 lb. might cost $3.00 per kw. 
more than 450 lb. However, there was a very pro- 
nounced trend toward lowering costs for 1350 lb. 
equipment and an increase in the size of boilers which 
manufacturers were willing to build. All items con- 
sidered, it-was decided that the use of 1250 Ib. throttle 
pressure and 750 deg. fahr. total temperature would be 
the most economical and that the plant could be rebuilt 
for 1350 lb. cheaper than for some lower pressure. 
Even at some higher cost for the equipment, the ulti- 
mate plant would be cheaper per kw. because, first, 
more capacity could be installed in the existing build- 
ings, and second, the circulating water system required 
rebuilding and with the much less quantity of water 
needed this item was much less for the 1,350 lb. It was 
believed that the cost of 1,350-lb. equipment would go 
down as production increased, and that within a few 
years it would be possible to build a plant for this pres- 
sure as cheap as for some lower pressure. This view 
has proved correct for it is now definitely known that 
the costs for 1350 lb. are no greater than for 450 lb. 

The old building space permits of the installation of 
4 turbine units, each of about 60,000 kw. output, and 6 
boiler units, each of 500,000 Ib. per hr. maximum out- 
put. The installation now under construction consists 
of 2 turbine and 38 boiler units. The turbine units are 
each compound rated at 50,000 kw. with maximum 
output of 65,000 kw. at unity power factor. At a 
sacrifice of 10 B.t.u. per kw-hr. chargeable to the 
turbine room at the most efficient load point the maxi- 
mum turbine output for the same frame was increased 
from 58,000 kw. to 65,000 kw. That is, for slight de- 
decrease in efficiency, considerable overload capacity 
was obtained. The arrangement of high- and low-pres- 
sure turbines is the so-called vertical compound with 
the high-pressure turbine and generator mounted 
on the low-pressure generator. This arrangement saves 


space and cost of foundations and simplifies somewhat 


the generator air cooler arrangement and the piping for 
cooling water. 

The exhaust from the high-pressure element of each 
unit is reheated to 750 deg. fahr. before passing to the 
low-pressure element, first in a live steam reheater, the 
heating steam being saturated steam at 1,350 Ib. pres- 
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sure, and, second, in a convection reheater which is a 
part of the boiler unit. 


By this combination of reheaters the temperature of 
the reheated steam is maintained approximately con- 
stant over a wide load range. 


All of the steam for a turbine unit is reheated in a 
single boiler with no cross-connections on reheaters so 
that if a reheat boiler unit is out of service, the low 
pressure turbine will be run without reheat. Thus, 
two of the boilers now being installed are reheat boilers 
and the third is a so-called standard unit, that is, with- 
out reheat. The standard boiler provides some spare 
capacity and also the additional steam required for each 
turbine unit at loads when more than 500,000 Ib. per 
hr. is required. The complication of piping for a reheat 
cycle is not so great as commonly assumed, particularly 
when all the reheating for a turbine unit is done in a 
single boiler, and is offset to a considerable extent by 
the fact that much smaller pipe sizes are required for 
1250 lb. than for say 400 lb. 


For the type of boiler unit which has been used in 
most of the 1250-lb. plants, the cost on a kw. basis is 
very little more than for a 400-lb. plant. Although the 
so-called boiler part, that is, drum, headers, and tubes, 
is costly, it is relatively small and most of the complete 
boiler unit surface is in other elements, that is, super- 
heater, resuperheater, economizer, and air heater. 
Table I gives the percentages for the various surfaces. 


TABLE I 


Per cent of heating surface 


Reheat boilers Standard boiler 


Steam Steam, Steam Steam, 
and water |water,andair| and water |water, and air 
absorbing absorbing absorbing absorbing 

surface surface surface surface 
Boilers...iarstice 24.1 11.2 26.5 12.3 
Water walls..... 3.6 Lai 4.0 1.9 
Superheater.... 14,2 6.6 17.6 8.2 
Reheater....... 18.0 8.3 
Economizer..... 40.1 18.5 51.9 24.0 
Air heater...... 53.7 53.6 


The Station ‘‘A”’ boilers have forged steel drums 52 
ft. long, 5 ft. outside diameter with 4 in. walls and 
weigh about 70 tons each. The tubes are arranged 62 
wide and 8 high. 

The area and space occupied by the boiler and fan 
rooms are per 1000 lb. per hr. output, 9.35 sq. ft. and 
865 cu. ft. respectively. In comparison with similar 
figures for Station ‘‘C” on a kw. basis, the area for 
Station “‘A”’ is 90 per cent and the volume 1.09 per cent 
of those for Station “‘C.”” At Station “‘A” the space is 
that of an existing building with height increased to 
provide for the fans and the cubic space could be re- 
duced for a new plant. It appears that on the whole a 
high-pressure plant will require at least no greater 
space than a plant for lower pressure. 

The remainder of the equipment such as fans, feed 
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water heaters, pumps, etc., are similar to that for lower 
pressure plants and requires no detailed description 
here. 

The reconstruction of Station ‘‘A”’ is an example of 
the recent progress in the art of generating electricity 
by steam power, and shows how the great improvement 
in fuel economy has been effected without increase in 
capital. In fact for Station “‘A’’ there will be a marked 
reduction in investment. With the completion of the 
present construction, the capacity will have been in- 
creased from 64,000 kw. to about 160,000 kw., and it is 
expected that the over-all investment per kw. will be 
reduced by about $15.00 per kw. and the fuel, operating 
and maintenace costs per kw. reduced to one-half. 
With the completion to the ultimate capacity of about 
260,000 kw. a further reduction of $5.00 per kw. is 
expected or a total of $20.00 per kw. The cost of the 
new Station ‘‘A”’ will be comparable with steam plant 
costs in Great Britain and Europe. The fuel consump- 
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tion for the 1,250-lb. units should be at the rate per net 
kw-hr. of 12,000 B. t. u. or better. 

Since plants for operation at 1,250-lb. pressure cost no 
more than for some lower pressure, undoubtedly in the 
near future there will be a number of plants at this 
pressure in operation on the Pacific Coast. Higher 
pressures and temperatures are to be expected in time, 
but with the present fuel situation, particularly in 
California, it is not anticipated that pressures higher 
than 1250 lb. and temperatures above 800 to 850 deg. 
fahr. will prove profitable for some years. 


SUMMARY 


The author has outlined the development of steam 
power in the system of the Pacific Gas & Electric Com- 
pany and attempted to discuss briefly those factors 
which are of most importance in the economical design 
of steam plants with especial reference to Pacific 
Coast conditions. 


Grounding Banks of Transformers 


with Neutral Impedances 
and the Resultant Transient Conditions in the Windings 


BY F. J. VOGEL* 


Associate, A. I. E. E. 


Synopsis.—T he question of grounding transformer bank neutrals 
through different impedances has recently arisen due to the desire to 
limit system single-phase and two-phase short-circuit currents. 
This imitation has been required to ease the duty on circuit breakers 
and assist in maintaining system stability. The use of resistance, 
inductance, and various combinations has been studied as to the 
effect on the short-circuit current and particularly upon lightning 
transients within the transformer windings and at the neutral. It 
was found that the use of resistance only may be undesirable on 
account of the high voltage at the neutral in limiting the short-circuit 
current. The use of inductance only may result in high voltages 


I. INTRODUCTION 


Nits ce methods of power transmission involve 
the transformation of energy with large high- 

voltage transformers, which usually have one or 
more windings connected in star and until recently 
solidly grounded at the neutral. With the increase in 
size of transformers and generating equipment, trouble 
has developed due to excessive currents under single- 
and two-phase short circuits. To relieve these condi- 
tions and to improve the stability of the system gen- 
erally, the practise of inserting impedance between the 
neutral and ground of some of the transformer banks 
has been adopted. 

Either a resistance or an inductance can be used for 
the impedance. Its purpose is primarily to limit the 
short-circuit neutral current. Having a knowledge 
of the circuits involved, the necessary impedance can be 
determined to limit the current to a safe value. With 
impedance in the neutral, the stresses within the trans- 
former winding when subjected to lightning surges 
require similar study to that made for transformers 
with solidly grounded neutral. This is particularly 
the case since the impedance is selected with no thought 
of its performance under impulse voltages but only its 
performance under normal frequency short-circuit 
conditions. It is the purpose of this paper to study the 
characteristics of neutral impedances under lightning 
surge conditions and suggest means for improving their 
performance. ; 


II. Factors INFLUENCING THE LIGHTNING TRANSIENT 
The effect of voltage surges on transformers with 


*Both of the Westinghouse Elec. & Mfg. Co., Sharon, Pa. 
Presented at the Pacific Coast Convention of the A. I. EB. E., 
Portland, Oregon, September 2-5, 1930. 
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within the transformer and at the neutral due to lightning transients, 
which necessitates that the transformer be fully insulated throughout. 
Methods using parallel paths with the inductance, these parallel 
paths being designed primarily to reduce the lightning transients at 
the neutral, have been studied and found to limit the transients 
within the transformers to values approximating those for solidly 
grounded neutral which permit the grading of the transformer 
insulation. The method to be selected depends upon the individual 
case, but generally the use of the valve type lightning arrester is the 
simplest to apply. 


* * * * * 


solidly grounded neutral has been previously described.! 
The general factors influencing the transient phenom- 
ena are well known, but a brief résumé will be given 
here. 


It was shown in the paper mentioned that the worst 
stresses within the transformer windings were those due 
to steep front short waves and steep front long waves. 
The former imposes the greatest stress upon the winding 
near the entrance terminal by virtue of its greater 
magnitude. With a short wave the stresses are pro- 
portional to the distribution of voltage determined by 
the capacitance relationship of the winding. This has 
been referred to as the initial distribution. With steep 
front long waves the initial distribution is essentially the 
same except for absolute magnitude, but the amplitude 
of voltage at internal points is greater due to oscillations 
within the winding.. The magnitude of lightning volt- 
ages which can be propagated on transmission lines 
is limited by the line insulation and is lower for long 
than for short waves. A survey of laboratory and 
field tests on transmission lines and transmission line 
insulation gives a good indication of the characteristics 
of lightning waves expected in service. The curve, 
Fig. 1, estimated on the basis of some of these data, 
illustrates the variations in the maximum voltage 
expected on normally insulated lines with length of the 
traveling wave. Oscillographic records of lightning 
waves taken in the field, indicate that the greatest 
duration of voltage probably would not exceed 60 
microseconds to one-half value, and the most rapid 
rate of rise was of the order of one microsecond to 
maximum value. 


Waves having the characteristics of the two above 
would impose the most severe stresses upon trans- 


1. For references see bibliography. 
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formers grounded through neutral impedance. It has 
been previously pointed out? that for short surges only a 
small amount of energy penetrates the winding as far as 
the neutral and consequently the increase in voltage at 
the grounding impedance will be very small. From the 
standpoint of stress at the neutral impedance and the 
interior of the transformer winding, it will be necessary 
to consider only the 60-microsecond surge. Therefore, 
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Fie. 1—VariaTIon IN AMPLITUDE WITH LENGTH OF LIGHTNING 
SurGcEs on NorMatity INSULATED TRANSMISSION LINES 


in performing the tests described below a wave rising to 
maximum in approximately one microsecond and of 60 
microseconds duration to half value was used. 

_Another important factor influencing the amplitude 
of voltage in the transformers and at the neutral is the 
magnitude of voltage occurring simultaneously on the 
three separate phases. A traveling wave on one line 
induces waves of the same polarity in the other two 
lines, but the induced waves are usually of lower ampli- 
tude, depending upon the space configuration of the 
lines.* If simultaneous waves of equal amplitude are 
impressed on each of the three phases, the voltage at the 
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Fig. 2—Scuematic Diacram or Testina Crrcuir 


neutral would rise to three times the amplitude that it 
would if the wave was impressed upon one phase only. 
In making this investigation the worst condition of 
three equal surges is assumed. 


III. Test CIRCUITS AND METHOD OF TESTING 


Impulses were generated by discharging banks of 
condensers through a resistance and impressing the 
voltage drop upon the transformer terminals. The 
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windings of the transformers under test were connected 
together at the neutral and grounded through the 
impedance under consideration. The connections from 
the surge generator to the high-voltage terminals of 
these windings were made as short as practicable and 
terminated in lumped surge impedances of approxi- 
mately 450 ohms. The remaining windings of the 
transformers were connected to ground through similar 
surge impedances. Fig. 2. 

A surge was impressed upon the transformers and the 
potential at various points in the winding and across the 
neutral impedance was measured. The maximum value 
of the voltage was determined by means of a sphere 
spark-gap and the voltage-time relation recorded for at 
least one complete cycle with a cathode ray oscillo- 
graph. A capacitance potentiometer was used to 
reduce the voltage for measurement with the oscillo- 
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Fie. 3—VoutTacEe-To-GRrounD PRODUCED IN A TRANSFORMER 
WINDING witH NruTRAL SOLIDLY GROUNDED By A 60-Micro- 
SECOND SURGE 


1. Initial voltage distribution 
2. Maximum voltage by oscillation 
3. Final or steady state distribution 


graph. This potentiometer was of very low capacitance 
so that the constants of the circuit were affected very 
little. 

The transformers used in making this study were 
25,000-kv-a., 220-kv. power transformers of shell type 
construction, and of recent design. 

The neutral reactors were air core and the neutral 
resistors were practically non-inductive. 


IV. TRANSFORMERS WITH SOLIDLY GROUNDED 
NEUTRAL 


To form a basis for comparing the effects of various 
neutral devices, the reaction of the transformers with 
the neutral solidly grounded was determined. The 
transient conditions involved in this problem have been 
analyzed elsewhere! and will not be considered here. 

The initial distribution of voltage with the steep front 
wave is shown as curve l, Fig. 8. The maximum 
voltage to ground occurring at internal points in the 
winding by oscillation is represented by curve 2 of the 
same figure. These two boundary curves define the 
envelope of oscillation of the internal voltage transient. 
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It is to be noted that the maximum voltage does not 
exceed the uniform distribution curve. 


V. TRANSFORMER WITH NEUTRAL INSULATED 
The initial distribution, Fig. 4, is practically the same 
irrespective of whether the transformer is solidly 


grounded, grounded through an impedance, or com- 
pletely isolated. This is expected from the initial 
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Fie. 4—Vourace to Grounp In A TRANSFORMER WINDING 
witH IsoLaTED NEUTRAL 


1. Initial voltage distribution 
2. Maximum voltage by oscillation 
3. Final distribution or axis of oscillation 


distribution curve of Fig. 3 which shows that but a 
small percentage of the voltage exists in the portion of 
the winding near the neutral. Consequently in con- 
sidering the transient effect with various neutral devices 
the same initial conditions hold within practical limits. 

The final distribution is quite different from that with 
the neutral grounded. When the neutral is isolated and 
a surge is impressed, the winding tends to assume the 
same potential throughout. In reaching this potential, 
it oscillates about the potential on the line terminal. 
The amplitude of the oscillation at the neutral depends 
upon the magnitude of the terminal voltage and the 
relation of the length of the surge to the natural period 
of oscillation. Under lightning surges the voltage rises 
to relatively high values. In the experimental case, 
the maximum amplitude in per cent of the impressed 
voltages are given in curve 2, Fig. 4. 

It is to be noted that the voltage does not attain 
values in excess of the applied voltage. This is ex- 
plained, as mentioned above, by the fact that curve 3 
representing the initial axis of oscillation decreases as 
the voltage on the transformer decreases. Since the 
rate of decrease of the latter is rapid compared to the 
period of oscillation of the transformer, the oscillations 
do not develop to the extent that they would if limited 
only by inherent damping, as would be the case with an 
infinitely long wave. 


VI. TRANSFORMER WITH NEUTRAL GROUNDED 
THROUGH RESISTANCE 


When the transformer neutral is grounded through a 
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non-inductive resistance, the axis about which the 
winding tends to oscillate is a straight line extending 
from the line to the neutral end of the winding. The 
voltage at the neutral will be raised to a value depending 
upon the value of neutral resistance, the relative effec- 
tive impedance of the transformer winding, and the 
length of the traveling wave. In the limiting cases of 


Velfages ef &F 2s of Winding from 
WVeUT HS, 


ee eet Soe oan De 


© 240 2f. 


volrage @7 56 fe of Weureiag From 


WVCUIT AL. 


* 


i 
i 
3 
4 
» 
‘. 
i 
Nae 
LF 32.5 
x 
J 
a 


L 
pe 


basfege af Vewrra/ 


Nets gray Gr. 


a Ye Tmprassad v6, age 
= Sone Rass 


Fie. 5—Oscintocrams SHOWING THE VARIATION OF 
INTERNAL OSCILLATIONS IN TRANSFORMER WINDINGS WITH 
DirFERENT VALUES OF NEUTRAL RESISTANCE 


A—69 per cent of winding from neutral 
B—36 per cent of winding from neutral 
C—Neutral 

1 —R =infinite (neutral isolated) 

2 —R =100,000 ohms 

3 —R =25,000 ohms 

4 —R =5,000 ohms 

5 — R =450 ohms 

6 —R=0 (neutral solidly grounded) 


zero resistance and infinite resistance, the axes coincide 
with those for a solidly grounded transformer and for an 
isolated neutral transformer, curves 3, Figs. 3 and 4. 
For finite resistances the axis lies between these limits. 

When the transformers are subjected to a lightning 
surge, the voltage at the neutral and the voltage 
throughout the winding rises to a value in excess of that 
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attained when the neutral is solidly grounded, depend- 
ing upon the value of the neutral resistance and the 
characteristics of the applied surge. With the 60- 
microsecond test wave, the voltage at the neutral and 
at points in the winding 36 per cent and 69 per cent 
from the neutral are shown in the oscillograms, Fig. 5, 
for various values of resistance between the two limiting 


conditions. The axis of oscillation rises and the magni- 
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GROUNDED THROUGH A315-MILLIHENRY REACTOR 


1. Initial distribution of voltage 
2. Maximum voltage by oscillation 


tude of voltage increases with increasing resistance. 
With the transformers grounded through 450 ohms 
resistance, the rise in voltage at the neutral was ap- 
proximately 4.5 per cent. The increase in voltage at 
the two points in the winding, mentioned above, over 
that for a solidly grounded neutral was small, only 
about 2 to 3 percent. With larger values of grounding 
resistance, the increase in voltage ‘becomes more pro- 
nounced, particularly in the portion of the winding near 
the neutral. 


VII. TRANSFORMER NEUTRAL GROUNDED THROUGH 


INDUCTANCE 


In the case of the neutral grounded through induc- 
tance as in the previous cases, the initial distribution is 
the same as for solidly grounded neutral. The oscilla- 
tory voltage occurring across the reactor is a function of 
the relative inductance of the transformer and reactor, 
and the relative length of the traveling wave. The higher 
the ratio of reactor inductance to transformer induc- 
tance, the greater will be the rise of voltage at the 
neutral. During the transient existing in the trans- 
former winding, the reactor enters into oscillation with 
the transformer winding. This results in an increase in 
voltage stress at the neutral and throughout the wind- 
ing. This is illustrated in the curves of Fig. 6 and Fig. 
8. In the case illustrated, the bank of 25,000-kv-a. 
transformers was grounded through a reactor of 315 
millihenrys inductance. The self inductance of the 
transformer winding was calculated to be 850 milli- 
henrys. The reactor was designed so that the dynamic 
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rise of voltage was approximately one-half normal line 
voltage, and the kv-a. capacity as compared to that of 
one transformer was 144 per cent. 

A reactor is a desirable means for grounding the 
neutral, since its reactive drop adds directly to the 
impedance voltage of the transformer, reduces the 
shock of short circuit on generating equipment, has less 
watts loss, and can generally be designed more economi- 
eally than a resistor. A method of reducing the 
excessive transient voltage at the neutral is, therefore, 
highly desirable. Several ways of improving this 
feature have been proposed. Some of these are de- 
scribed below. 

A. Reactor Shunted with Resistance. If the neutral 
reactor is shunted by resistance, a part of the energy 
is conducted directly to ground and a damping effect 
imposed upon the oscillations in the reactor circuit. 
The voltage at the reactor will be reduced by an amount 
proportional to the energy by-passed. Obviously the 
lower the resistance used the lower will be the voltage 
across the reactor. This, however, cannot economi- 
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Fig. 7—OsciLLoGrRaAM SHOWING THE Errectr Upon THE 
TRANSIENT NEUTRAL VOLTAGE OF SHUNTING THE REACTOR 
WITH DIFFERENT VALUES OF RESISTANCE 


1 —R =Infinite (neutral grounded through reactor only) 
2 —R =25,000 ohms 

3 —R =11,000 ohms 

4 — R =6,000 ohms 

5 — R =1,200 ohms 

6 — R =580 ohms 


cally be carried to any optional limit, but the influence 
of the resistor on the characteristics of the neutral 
impedance must be considered. 

The effect of shunting resistance upon the voltage 
across the reactor is shown in Fig. 7. In support of the 
statement above, it is seen that the amplitude of the 
voltage decreases with decreasing shunting resistance. 
In order to limit the voltage to a low value the resistance 
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would have to be such that its losses would be high 
under short circuit. and its proportions relatively large. 

B. Reactor Shunted by Spark-Gap. The second 
method of preventing excessive voltage at the neutral is 
to shunt the reactor with a spark-gap. This method 
permits the voltage to rise to some safe predetermined 
value and then reduces it to zero. The voltage at which 
the gap would be set is determined by the insulation of 


Fig. 8—OscintoGrRaM SHOWING THE Errect Upon THE 
INTERNAL TRANSFORMER WINDING TRANSIENT OF SHUNTING 
NEUTRAL REACTOR WITH SAFETY GAP 


A —Voltage at 69 per cent of winding from neutral 

B —Voltage at 36 per cent of winding from neutral 

1,3—Neutral grounded through reactor shunted with safety gap 
2,4— Neutral solidly grounded 


the reactor. The super-imposed transient accompany- 
ing the gap discharge has no damaging effect upon 
circuits of as long a time constant as that of the trans- 
former winding. The effect of this transient is shown 
by the oscillograms in Fig. 8, where the resulting 
voltages at 36 or 69 per cent from neutral are compared 
with those with the neutral solidly grounded. The 
increase in voltage is 7 to 9 per cent over that with 
solidly grounded neutral or about 3 per cent of the 
impressed voltage. 

The principal objection to this device is the liability 
of the same impulse that causes the gap to discharge also 
causing a line flash-over or a line to neutral fault, thereby 
maintaining the are across the gap with dynamic cur- 
rent and shunting out the reactor at the time when its 
service is required. 

C. Reactor Shunted by Lightning Arrester. Proceed- 
ing as in the case of the shunting spark-gap, the proper 
lightning arrester for protecting the insulation of the 
reactor was selected. An arrester of the valve type is 
ideal for this application. The properties of this 
arrester are well known.‘ Its impedance is practically 
infinite up to the discharge voltage where it is instantly 
reduced to a relatively low value. It has a definite cut- 
off voltage which assures that none of the dynamic 
current will be by-passed through it. In applying the 
arrester it is necessary only to fix the cut-off voltage 
slightly in excess of the dynamic rise of voltage. By 
so doing, the maximum discharge voltage can be limited 
to approximately 2.5 times the dynamic voltage even 
when discharging large currents. 

The effect of the arrester discharging on the transient 
voltage in the transformer winding is shown in Fig. 9. 
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This illustration is a comparison of the voltages with 
solidly grounded neutral with those when an arrester 
bridges the reactor. The increase in voltage is of the 
order of 2 to 3 per cent over that with the neutral 
solidly grounded. 

This method of reducing the neutral voltage has 
other advantages in addition to those mentioned. It 
employs a standard protective device which requires no 
special consideration or calculation for its application. 

D. Reactor Shunted with Resonant Circuit. A series 
capacitance and inductance circuit was connected in 
parallel with the neutral reactor and the constants 
proportioned so as to be in resonance at the frequency of 
the transient voltage existing at the reactor terminal. 
This circuit offers a very low impedance path to the 
surge current and shunts it directly to ground, but hasa 
very high impedance at normal operating frequencies. 
With the surge current determined largely by the im- 
pedance of the transformer winding, the two elements 
are proportioned so as to give a minimum rise in voltage 
at the neutral and keep the drop across each within 
safe limits. 
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Fic. 9—OscILLOGRAMS SHOWING THE HFFECT ON THE 
INTERNAL TRANSFORMER WINDING TRANSIENT OF SHUNTING 
Neurtrau Reactor with Lightning ARRESTER 


A —Voltage at 69 per cent of winding from neutral 

B —Voltage at 36 per cent of winding from neutral 

1,3—Neutral grounded through reactor shunted with lightning arrester 
2,4—Neutral solidly grounded 


In the .experimental application the circuit was 
proportioned so that the rise in voltage at the neutral 
due to lightning would not exceed twice the dynamic 
voltage under the most severe conditions. Fig. 10 
shows oscillograms of the voltage at two internal points 
in the winding and at the neutral. In oscillogram A 
the voltages resulting from the reactor being shunted 
with the resonant circuit are compared with the voltages 
with the neutral solidly grounded. The maximum 
amplitudes of the voltage at each point are practically 
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equal for the two conditions, and the shape of the volt- 
time curves are practically identical, except that with 
the reactor shunted by the resonant circuit the axis of 
oscillation is shifted upwards on account of the drop 
through the circuit. In oscillogram C the voltage at 
the neutral with the reactor alone and with it shunted 
with the resonant circuit are compared. The amplitude 
of the voltage in the latter case is reduced to approxi- 
mately one-sixth of that when the neutral is grounded 
through the inductance only. 


CONCLUSIONS 


a. Transformers with isolated neutral are subject to 
transient voltages of a high order from lightning surges 
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Fig. 10—OscinnogramMs SHOWING THE Hrrect UPON THE 
INTERNAL TRANSFORMER WINDING TRANSIENT OF SHUNTING 
NEUTRAL Reactor witH AUXILIARY RESONANT CIRCUIT 


A —Voltage at 69 per cent of winding from neutral 

B —Voltage at 36 per cent of winding from neutral 

C —Voltage at neutral 

1,3 & 6—Neutral grounded through reactor shunted with resonant circuit 
2, 4— Neutral solidly grounded 

5—Neutral grounded through reactor only 


throughout the winding and at the neutral and require 
full insulation to ground for the entire winding. 

b. If the transformer has the neutral grounded 
through a resistance of not over 400 to 500 ohms, the 
internal transient voltage stresses exceed those for 
solidly grounded neutral by only a small percentage. 
Therefore, in general, the same rules regarding the 
grading of the insulation to ground apply as for solidly 
grounded neutral taking due account of the dynamic 
rise in voltage due to short circuit. 

ce. The drop in voltage across a neutral resistance is 
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not in phase with the transformer impedance drop, a 
larger value of resistance is required to limit the current 
to a given value and consequently a higher voltage 
appears at the neutral than when the neutral is 
grounded through an inductance. 

d. Transformers with the neutral grounded through 
a reactor may be subjected to high oscillatory voltages 
due to lightning and unless some means aré provided for 
reducing this voltage the transformers must have full 
insulation. 

e. The transient voltage as a result of lightning 
surges in transformer windings grounded through a 
reactor can be reduced to within a small percentage of 
that with solidly grounded neutral and the voltage at the 
neutral maintained ata safe value by shunting the 
reactor with resistance, with a safety gap or with a 
lightning arrester or with an auxiliary resonant circuit. . 

f. In order to obtain the desired characteristics with 
a shunting resistance, the resistance has to absorb a 
relatively large amount of energy which may result in 
its having proportions comparable to that of the reactor. 

g. The use of safety gaps appears undesirable on 
account of the possibility of maintaining the transient 
are when the system is operating under short-circuit 
conditions. 

h. Lightning arresters offer advantages in that they 
have low impedance to lightning transients of. high 
amplitude and practically infinite impedance to the 
short-circuit currents, are a standard piece of apparatus, 
relatively small in size and easy to apply, requiring only 
a knowledge of the short-circuit voltage drop across the 
reactor. , 

i. An auxiliary resonant circuit offers an effective 
means of reducing and maintaining the transient to a 
relatively low value, approximately that with solidly 
grounded neutral, and at the same time offer a high 
impedance to normal frequency current. 
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Discussion Now putting 
A. W. Copley: This paper is valuable in that it gives the * = (R + 2’) | (3) 
results of actual tests on a commercial bank of transformers with and 
various kinds of grounding devices inserted between neutral and R pe 
ground and with surges of known value impressed across them. % ~ 7; R z’ + Z(p) 1 (4) 
The interest in the paper does not center about the use of terms Po L A LGA p+ LOG 


or about the theories involved but rather about the practical 
results of the tests from the standpoint of the operating man. 


Many years ago the ungrounded neutral transmission sys- 
tem was not uncommon. Soon after the advantages of the 
grounded neutral system were developed most transmission 
systems had their neutrals solidly grounded. The one dis- 
advantage of the solidly grounded neutral did not appear until 
systems grew to such a size that it became important. This is 
the large flow of ground current occasioned by fault to ground on 
the transmission system. As this feature developed means were 
sought to reduce the ground current at the same time retaining 
the advantages of the neutral ground. Resistances were placed 
in the neutral, then other means, such as reactance, Peterson 
earth coils and other resonant circuits were used. The effect 
of these devices on neutral ground current and on the distribu- 
tion of normal frequency voltage has been naturally well under- 
stood. The effect which might be produced by lightning surges 
has, however, been open to question and the tests which have been 
reported by Messrs. Vogel and Hodnette give very valuable 
evidence as to what takes place under these surge conditions. 
The conclusions which they have reached appear to be logical 
when a study of the results is made. 


The neutral grounded through reactance shunted by a resonant 
circuit apparently gives good results. The neutral grounded 
through reactance shunted by a lightning arrester also gives 
results which appeal to the operating engineer. 

L. V. Bewley: The test circuit used in the paper (Fig. 2), 
shows some lumped resistances Z, of approximately 450 ohms, 
which the authors refer to as ‘“‘lumped surge impedanees.”’ The 
implication is that these resistances behave as true surge im- 
pedances, and that the circuit is therefore the equivalent of an 
actual transmission line. It is the purpose of this discussion to 
show to what extent their test circuit fails to duplicate the func- 
tioning of an actual line. If this fact was understood by the 
authors they should have called the resistance a resistance and 
not a “lumped surge impedance,’’ as otherwise the terminology is 
rather misleading. : 

If any generalized impedance network Z(p), where p = d/d tis 
the time derivative operator of operational calculus, be connected 
to the terminal of a transmission line of surge impedance 
z = VL/C, and an incident wave e = f(t) is sent down the line 
where ¢ is counted from the instant that e arrives at the network, 
then the total potential at the terminals of the network is 


2 Z(p) 
eo = ———— e 
Z(p) +2 


Therefore the criterion that a test circuit shall duplicate the 
functioning of a transmission line, is that the total voltage across 
the test piece shall be expressible in the form of Equation (1), 
in which e is independent of the connected impedance network. 

Solving the circuit of Fig. 2 in the authors’ paper for the 
voltage across the test piece Z(p), (in this case the transformer) 
there is (calling Z, = 3 2’) 


2 Z(p) 


(1) 
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where £ is the voltage to which the condensers were charged. 


Equation (2) superficially takes the same form as Equation (1), 
but e is not independent of Z(p) and therefore the cireuit is not a 
true representation of a traveling wave condition. 

However, if the impedance Z(p) is at all instants considerably 
greater than z, then approximately 
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But to make use of this possibility necessitates making R so small 
as to decidedly reduce the efficiency of the impulse generator. 


The authors make a distinction between a resistance having a 
constant characteristic (which they eall a resistance) and a re- 
sistance having a variable characteristic (which they eall a 
lightning arrester). Apparently this distinction has accounted 
for many years of misunderstanding over the relative merits of 
shunting ordinary power limiting reactors with resistors. It is 
therefore worth mentioning that the resistors which have always 
been used by the General Electric Co. for shunting power limit- 
ing reactors have been “‘lightning arresters’’ according to the 
Vogel-Hodnette definition. Reference may be made to Shunt 
Resistors for Reactors by F. H. Kierstead, H. L. Rorden and 
L. V. Bewley, A. I. E. E. Trans., Vol. 49, p. 1161, and to the 
discussion of that paper by F. J. Vogel. 


K. K. Palueff: Since January 1929, the attention of the 
Institute has been called to the phenomena of transient voltages 
within transformer windings by five papers and considerable 
discussion. ‘ 


There are three principal subjects of the above study—the 
core type transformer, the shell type transformer, and the non- 
resonating type of transformer. The behavior of these trans- 
formers, with neutral isolated or grounded either directly or 
through various impedances, was deseribed in the above papers. 

The two groups of contributors at the beginning entertained 
practically diametrically opposite views on the phenomena which 
take place within the winding of an ordinary transformer, par- 
ticularly of the shell type. It is gratifying to find that the 
differences in opinion are gradually disappearing. 

We were confident that the initial voltage distribution pro- 
duced by a steep wave front causes an extremely high-voltage 
concentration at the line end of windings having either wide coils 
and a short stack or narrow coils and a long stack. 

Mr. Hodnette’s group was confident that in a short stack of 
wide coils, which is typical of shell type transformers, the initial 
or electrostatic voltage distribution is practically uniform, and 
that such uniform distribution is obtained by properly propor- 
tioning the windings 1 and by the slanting of the front of the inci- 


1. Effect of Surges on Transformer Windings, by J. K. Hodnette, 
A. I. E. E. Trans.. Jan. 1930, p. 72. f 
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dent wave by means of the electrostatic capacitance of the 
condenser type bushing.2 That the bushing has an absolutely 
negligible effect on the transient voltages in a transformer is 
shown in the TRANSACTIONS for July 1929 on pp. 699 and 700. 

In my discussion of Mr. Hodnette’s paper of a year ago, I 
suggested that further study of the phenomenon would bring us 
to complete agreement.on this subject. Jam delighted to find 
that Mr. Hodnette’s latest tests have confirmed this suggestion. 
This ean be seen from Fig. 1 of the present discussion. 
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Curve 1 represents Mr. Hodnette’s original conception of 
initial voltage distribution in shell type transformers. It is taken 
from Fig. 7 of his paper presented in August 1929. Curve 4 
represents our conception of the order of magnitude of the initial 
voltage distribution of the core and shell type transformer in 
general, and curve 5 shows the results of our test on a shell type 
transformer. These curves are taken from my papers of January 
and May 1929. Curve 2 is copied from Mr. Hodnette’s diseus- 
sion of my paper of last May, and represents the result of his 
test on a 30,000-ky-a. shell type transformer. 

Curve 3 is a copy of the initial voltage distribution found 
by Mr. Hodnette in a 25,000-kv-a, shell type transformer, and 
published in the present paper as curve | of Figs. 3,4,and 6. The 
above indicates that we have gradually come to a fairly good 
agreement as to the initial voltage distribution in shell type trans- 
formers. I say, “fairly good agreement,’’ because in shell type 
transformers, due to the great width of the coil, the initial voltage 
distribution cannot be represented by a smooth curve as is done 
by Mr. Hodnette but actually has a saw-tooth shape, which 
accentuates the severity of the voltage concentration at the first 
two or three coils at the line terminal, as illustrated on p. 77 of 
my paper in the January 1930 TRANSACTIONS. 


VouTAGE TO GROUND—GRADED INSULATION 


Another point of disagreement between the two groups of 
investigators is the maximum voltage to ground that can be 
created in solidly grounded or isolated-neutral shell type trans- 
formers when subjected to a lightning or switching wave. 

We stated that the envelope of maximum voltages to ground in 
both core and shell type transformers is about the same and can 
be represented as shown here by curve 1 of Fig. 2. The other 
group of investigators at first expressed an opinion that a single 
wave cannot cause oscillations in shell type transformers. Later, 
Mr. Hodnette showed that the shell type transformer, even with 
solidly grounded neutral, oscillates in very much the same way 
as we have shown. He expressed a belief, however, that these 


2. Discussion by J. F. Peters, A. 1. E. E. Trans., Oct. 1928, p. 1014. 
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oscillations do not cause the voltage to rise above a uniform voltage 
distribution (curves 2 and 3 of Fig. 2 of this discussion). This was 
in aceord with his opinion that no lightning waves longer than 60 
microseconds should be considered of importance, and that 5,000 
eycles was the maximum natural frequency for shell type trans- 
formers. If these suppositions were correct, then it could be 
shown by means of the laws published by the writer in January 
1929, that the voltage due to oscillation cannot rise above the 
straight line, and for this reason he felt confident that grading of 
the insulation between the high-voltage winding and the other 
parts of the transformer is permissible. Mr. Hodnette therefore 
gave curve 2 of Fig. 2 (this discussion) as the maximum possible 
voltage to ground in a shell type transformer that can be pro- 
duced by a 60-microsecond wave. This was obtained by him 
from sealing the oscillograms in his paper. I have shown that 
more precise measurements of his oscillograms give curve 4 as a 
more accurate representation of the voltages found in his trans- 
former. . Besides, the wave he termed ‘‘60 microseconds,’’ as 
recorded in his oscillograms, was actually only 47 microseconds. 
Furthermore, I expressed confidence that 5,000 cycles is not the 
upper limit of natural frequency of a shell type transformer, and 
that with a higher natural frequency the voltage will rise up to 
the limit shown by eurve | of Fig. 2 (this discussion). Iam glad 
that Mr. Hodnette has found a-shell type transformer with na- 
tural frequency of 12,500.? 

Mr. Hodnette must certainly agree that at such a natural 
frequency a 60-microsecond lightning wave will cause a voltage to 
ground as shown by curve 1 of Fig. 2. This is an inevitable con- 
clusion from the above mentioned law which Mr. Hodnette evi- 
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paper 

3—Hodnette’s latest, from Fig. 3 of his present paper 

4—No. 2 corrected according to Hodnette’s present paper with 60- (actually 
47-) microsecond wave shown in his Sept. 1929 paper 


dently accepted, since he used it as an argument in favor of curve 
3, Fig. 2. The law states that the voltage to ground will reach 
the above mentioned curve if a transformer terminal voltage is 
maintained at a given value for at least half a eyele of the 
natural frequency of a transformer. Very simple calculations 
show that should the terminal voltage, instead of being main- 
tained during half of the period, deeay to half of its value during 
that time, practically the same internal voltage will still be 


3. Discussion by J. K. Hodnette, A. I. E. E. Trans., January, 1930, 
p. 81. 
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reached, in case the oscillation contains higher harmonics. 
The oscillograms and the theory show that the oscillation of a 
shell type transformer, like that of a core type transformer, con- 
tains a great many harmonics. 

The above considerations lead us to the conclusion that the 
grading of major insulation in solidly grounded transformers is a 
dangerous practise. The original conception of the phenomena 
by Mr. Hodnette led him to a diametrically opposite conclusion, 
as we see from curve 2 of Fig. 2. The actual observation of shell 
type transformer oscillations contradict his idea as was just 
shown. In addition, even some of Mr. Hodnette’s associates do 
not agree that a wave longer than 60 microseconds is required to 
produce voltage above uniform voltage distribution in shell type 
transformers. 
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For example, J. F. Peters states’ ‘When the impulse is main- 
tained for a considerable time, 10 to 20 microseconds, the voltage 
will penetrate into the winding and may overshoot the values 
beyond a uniform distribution. The amount the voltage over- 
shoots depends to a considerable extent upon the initial distribu- 
tion which in turn is a function of the physical proportions of the 
design.”’ It should be noted that curve 2 of Figs. 3, 4, and 6 of 
Mr. Hodnette’s paper show that the initial voltage distribution 
in a shell type transformer is extremely non-uniform. Further- 
more, the failure of a 220-kv. transformer with graded insulation 
and solidly grounded neutral described by Mr. Floyd substan- 
tiates our theory. This transformer failed during lightning, in 
spite of the fact that the line insulation was coordinated with the 
insulation of the line group of the transformer, as was shown by 
Mr. Floyd and by my discussion of Mr. Floyd’s paper. Fig. 3 
illustrates the relation between the dielectrie strength of that 
transformer as stated by Mr. Floyd and the voltage which should 
be expected in that transformer when subjected to lightning. 

The grading of major insulation is permissible only in case the 
transformer is of the non-resonating type, as we have shown 
analytically, as well as experimentally, in the three papers pre- 
sented to the Institute since 1929. The experimental results 
were obtained on commercial transformers with artificial lighting 
voltages of several hundred thousand volts. A short time ago, 
we were able to demonstrate that our experimental and theoreti- 
eal conclusions apply equally well to lightning voltages of magni- 


4. Discussion, A. I. B. E. Trans., July 1929, p. 1008. 
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tude met in service. One of the 13,000-kv-a. 220,000-volt 
non-resonating transformers, built for the New England Power 
Company has been subjected to an artificial lightning test. This 
test consisted of repeated applications of voltage from one million 
two hundred thousand volts up to three million volts. The 
transformer was connected to the lightning generator by means of 
a few hundred feet of wire. In shunt with the transformer, 
fourteen 534-in. insulator disks were connected. Voltage waves 
of one-half microsecond front and of varied length (from 20 up 
to more than 120 microseconds) were applied, of values just be- 
low that necessary to arc-over the insulator strings, thus subject- 
ing the transformer to the highest full lightning wave that could 
be experienced in service. Also, waves far in excess of the are- 
over value of the strings were applied but of course were reduced 
to arc-over value by flash-over of the strings. Cathode ray 
oscillograms were taken of a great many of these waves. These 
lightning tests were preceded and followed by complete A. I. E. B. 
acceptance tests, which included an induced voltage insulation. 
test of 460 kv. The transformer passed all these tests suecess- 


fully, and a thorough examination of the windings and insula- 


tion of the transformer did not reveal any sign of damage. 

It should be noted that in accordance with proposed A. I. E. E. 
recommendations for coordination of transformer and line insula- 
tion, the above induced voltage test corresponds to line insulation 
of 14 disks. 


Fie. 4—ArtiriciaL LiGHtNING Test on 13,000-Ky-a. 220,000- 
Voir TRANSFORMER 


From the above it appears that Mr. Hodnette’s group and our- 
selves will also reach complete agreement on the question of 
graded insulation in the near future, as we did on the electro- 
static voltage distribution; because it seems beyond any doubt 
that our minds already run along the same channel. This may © 
be best illustrated by parallel quotations from Messrs. Vogel and 
Hodnette’s present paper and my paper on the same subject of 
last May, as well as my other contributions. 
Vogel-Hodnette—(Page 63) 

“The initial voltage distribution, Fig. 4 is practically the same 
irrespective of whether the transformer is solidly grounded, 
grounded through an impedance or completely isolated.” 
Palueff—(Page 1181, A. I. E. E. Trans., July 1930) 

“Tn ordinary power transformers, either of shell or of core type, 
the initial voltage distribution produced by a steep front of a 
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traveling wave is practically the same whether the neutral is 
solidly grounded or isolated.” 
(Page 1186) 


“With a transformer grounded through an inductance the 
initial voltage distribution will be the same as in case of a solidly 
grounded transformer. . .” 

Vogel-Hodnette—(Page 63) 

“This is expected from the initial distribution curve of Fig. 3 
which shows that but a small percentage of the voltage exists in 
the portion of the winding near the neutral.” 

Palueff—(Page 1181) 

“This oceurs because at the first instant voltage concentrates 

across the line end of the winding, and the drop across a con- 


siderable part of the winding near the neutral end is only a few ~ 


per cent of the total applied voltage.” 
Vogel-Hodnette—(Page 63) 

“The final distribution is quite different from that with the 
neutral grounded. When the neutral is isolated and a surge is 
impressed, the winding tends to assume the same potential 
throughout.” 

Palueff—(Page 1181) 

“The final voltage distribution in a transformer with isolated 
neutral, however, is radically different from that of a trans- 
former with grounded neutral.” 

re . Therefore all points of an isolated winding finally 
acquire a potential above ground equal to the terminal voltage 

The line of final voltage distribution will serve as a line 
of equilibrium or axis for the oscillation.”’ 
Vogel-Hodnette—(Page 63) 

“The amplitude of the oscillation at the neutral depends upon 
the magnitude of the terminal voltage and the relation of the 
length of the surge to the natural period of oscillation.” 
Palueff—(Page 1001, Trans., July 1929) 

“The amplitude of oscillation depends upon voltage of applied 
wave, the steepness of the initial (or electrostatic) voltage dis- 
tribution, the steepness of the front of the traveling wave and 
the length of the tail of the wave.” 

(In addition to this a numerical relation was established be- 
tween the above factors and natural period of a transformer 
oscillation and was presented principally in the form of a set of 
curves in my various papers.) 

Vogel-Hodnette—(Page 63) 

“When the transformer neutral is grounded through a non- 
inductive resistance, the axis about which the winding tends to 
oscillate is a straight line extending from the line to the neutral 
end of the winding. The voltage at the neutral will be raised to a 
value depending upon the value of neutral resistance, the relative 
effective impedance of the transformer winding and the length of 
the traveling wave.” ; 
Palueff— 

The law stated in the first sentence is shown in my paper in the 
form of diagram V (Fig. 3, p. 1181 of July 1930 Trans.). 

The law stated in the second sentence is stated also in the form 
of diagrams, (Figs. 10, 11, and 12, pp. 1184 and 1185). 
Vogel-Hodnette—(Page 64) 

“With larger values of grounding resistance, the increase in 
voltage becomes more pronounced, particularly in the portion of 
the winding near the neutral.” 

Palueff—(Page 1185 Trans., July 1930) 

“The effect (the increase of the voltage due to the increase of 
resistance in the neutral) is greatest at the neutral point; the 
effect near line end is small.”’ 

Vogel-Hodnette—(Page 64) 

“The oscillatory voltage occurring across the reactor is a 
function of the relative inductance of the transformer and reactor, 
and the relative length of the traveling wave. The higher the 
ratio of the reactor inductance to transformer inductance, the 
greater will be the rise of voltage at the neutral.”’ 

Palueff— 
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The same is stated in my paper on page 1186 (TRans., July 
1930) in the form of an equation, and by Fig. 14, which gives the 
numerical relation between the maximum voltage from neutral 
to ground as a function of the ratio of the neutral inductance and 
transformer inductance. 


The same sort of similarity exists between my first two papers 
(Jan. and May 1929) and Mr. Hodnette’s first paper (Sept. 1929). 


Some further similarity could be established throughout the 
rest of the present paper, but the above is believed to be sufficient 
to show that fundamentally we are in agreement and that it is 
just a matter of further tests by Messrs. Vogel and Hodnette to 
bring their experimental results into as complete accord with ours 
as are their theoretical conceptions of the phenomena at present. 


The ‘‘conclusions”’ arrived at in the present paper, except for 
the statement regarding the advisability of using graded insula- 
tion, appear to be in complete accord with our conclusions. The 
lightning arrester used at the neutral is the only one variety of 
the impedor, as I explained in my closing discussion of last May, 
Trans., July 1930, p. 1196. This was applied by us in practise 
quite some time ago. 


Grounding the neutral through an auxiliary resonating cireuit, 
suggested in the last paragraph of the conclusions, is objection- 
able for the following reasons. First, because of the possibility 
of excessive voltages due to resonance in the circuit in case of a 
damped oscillation being applied to the transformer. Second, 
the natural period of oscillation of the neutral changes with the 
mode of transient voltage excitation of the three units of the 
transformer bank. Therefore, a circuit at the neutral selected 
to resonate for one condition of excitation will not resonate when 
the excitation changes, and therefore will become ineffective as a 
voltage reducing device. 


It is regrettable that the authors have not published the oscillo- 
gram of the transformer terminal voltage wave that produced 
the internal oscillations shown in the paper. It is also unfor- 
tunate that only two points of the winding in the case of a 
grounded neutral and three points of the winding in the case of 
an isolated neutral were investigated, as such a number of points 
is not sufficient to allow drawing curves such as curve 2 of Figs. 
3 and 4 of the paper with proper accuracy. As I pointed out in 
previous discussions, when tests are made on windings with wide 
coils it is particularly important that the voltages are measured 
not only on the outside edges of the coils but also on the inside, 
since the measurement on the inside edges discloses decidedly 
higher stresses than those found on the outside. Of course [ 
appreciate that in a completely assembled shell type transformer 
the inside edges are not accessible unless special means are 
provided. 


E. L. White: It appears that the most desirable form of 
impedance is a reactor protected by a sphere gap. I should like 
to ask Mr. Vogel whether or not experiments were made with 
resistances cut in series with the gap to limit the flow of dvnamie 
current. 


F. J. Vogel: Mr. L. V. Bewley’s discussion is particularly 
interesting in that part referring to the surge generator. Strictly 
speaking the lumped line surge impedance Z, is a resistance, but 
in the tests made, with a few exceptions, the assumption that 
the test cireuit used would act similarly to a transmission line 
circuit was justified. An endeavor to show the reasons for this 
is given as follows: 3 

First, the wave of the voltage across the resistance R was 
within a few per cent of being identical whether the transformer 
was connected or not. Under these circumstances the sole 
impedance between the surge generated and the transformer was 
in effect the 450-ohm resistance. This fact states definitely 
that the surge generated is independent of the connected trans- 
former impedance’ and, therefore, the surge generator circuit 
used corresponds in effect to a transmission line connected to 
the transformer. 
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Second, the fundamental equation for the voltage across the 
transformer or load, with reference to the surge generator cir- 
cuit, is 


R (2’ + Z (p) ) 


bs Z (p) R+2'4+Z(p) 
° | a! + Z (p) Beh pole ok C+ 2 @)) eae: 
cp 2" R+24+Z(p) 


No doubt Mr. Bewley arrived at his Equation (2) from the 
equation above. The first term represents the proportional 
part of the voltage across the resistance R that is across the 
transformer. The second term represents the voltage across 
the resistance R and therefore is the important term. Obviously 
this second term can be expressed as 
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With reference to the indicial impedance Z (p), L p is negligible; 
furthermore the capacity of the surge generator is made large so 


that relative to both R and Z (p) the term ava is of secondary 
cp 


importance. The resistance R used is generally considerably 
greater than z’. These relations state the physical fact that 
the load network current flows through the surge generator 
capacity with a relatively small impedance drop. The function 
of the resistance R is to discharge the surge generator capacity 
at a rate according to the surge that is desired to be generated. 
The second term in Equation (A) may then be approximately 
given as 


R 
1 
cs a OSA aa 
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This corresponds to the voltage generated without a load on 
the surge generator. We can now see the similarity between 
Equation (A) simplified and the fundamental equation for a 
transmission line as given in Equation (1) by Mr. Bewley. 
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The latter term, e, then represents the surge voltage on the 
transmission line, and in combination with the first term com- 
bines to form the fundamental equation for the transmission 
line. 

Referring to Mr. Bewley’s comments with regard to the 
resistance units used for shunting reactors, we believe that 
previous to the paper mentioned, no description of these resis- 
tances was offered. Itis also to be noted that thyrite is a fairly 
recent development and is also used as lightning arrester material. 
It is also believed that resistances, whether of this type or not, 
were advocated for many years. 

J. K. Hodnette: The subject matter given in Mr. Palueff’s 
discussion has largely been covered elsewhere. It deals with 
impulse transients as a whole, rather than the particular subject 
of this paper. To prevent repetition it will not be developed 
to any extent here. Reference is made to discussions in the 
TRANSACTIONS, January 1930, p. 75, and July 1930, p. 1190. 
The authors’ opinions on the matter have not changed from 
those expressed in these discussions, although Mr. Palueff 
interprets them to the contrary. 
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The positions expressed by him as being diametrically opposite 
with respect to the views on the phenomena, in reality are and 
have been different, principally, only in the hypothesis taken 
at the outset. That is, the characteristics of the impressed 
surge. In our experiments we have used a surge of character- 
istics dictated by field tests on natural lightning as being the 
worst, with respect to the stresses produced, that is ever expected 
to exist under service conditions. This wave is one that rises 
to maximum in one microsecond and decreases to half value in 
60 microseconds. To establish the logic of this hypothesis it 
is necessary only to refer to the papers on lightning investigation 
published in the Transactions during the past two years. 

Mr. Palueff, on the other hand, has adopted a surge of great 
if not infinite length. Since no such wave can exist in practise, 
there appears to be little justification for such a hypothesis. 
Mr. Palueff apparently recognizes this fact and in his papers 
states that for finite waves the stresses are not so great, but gives 
no direct data as to how great they are. 

If Mr. Palueff is interested in bringing about an agreement 
between his data and those published by ourselves and other 
experimenters, he may readily do so by adopting the above 
hypothesis. As previously pointed out, he cannot hope to 
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arrive at conclusions or results representative of actual existing 
conditions if his hypothesis is not consistent with these conditions. 

We object to Mr. Palueff’s misinterpretation of our test 
results. Reference to the discussions mentioned above and the 
papers discussed will clear these points. This applies to his 
Fig. 1 showing the evolution of the initial voltage distribution 
from practically a straight line to that illustrated as curve 3 
which agrees with his conception of what the initial distribution 
should be. There has been no evolution of opinion on this sub- 
ject. Test data only have been presented, representing a num- 
ber of different transformers. Mr. Palueff has selected three 
curves from these and attempted to convey the idea of a changing 
opinion on our part. 

With reference to the natural frequency of transformers, 
we are quoted as stating that 5,000 cycles was the maximum 
natural period of shell type transformers. No such opinion 
ean be found in any of our publications. In addition, Mr. 
Palueff speculates that a 60-microsecond wave would produce 
a voltage to ground as shown on curve 1 of his Fig. 2 in a trans- 
former having a natural period of 12,500 cycles. Actually the 
voltage is that shown in Fig. 5, of this discussion, which does not 
alter but confirm our conclusions. 

Whether or not the grading of insulation is a safe practise is 
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best answered by the service record of the transformers, for that 
is the true criterion of the sufficiency of a design. Our conclusion 
in this respect is forcefully illustrated by the fact that there is 
no record of failure to ground of any transformer built by the 
company with which the authors are associated in the internal 
or graded groups. Evidently Mr. Palueff does not understand 
this system of grading insulation, nor is he in possession of the 
facts relative to the failure of the transformer reported by 
Mr. Floyd. 

We cannot agree with Mr. Palueff that shunting the grounding 
reactor with a resonant circuit is objectionable. Irrespective of 
how an oscillation is produced at the transformer neutral the 
resonant circuit offers a low impedance path to ground. The 
tuning of this circuit can be made sufficiently broad to aecommo- 
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date any variation in the frequency produced by various modes 
of excitation, which our tests indicate to be small. 

Regarding Mr. White’s question, no tests were made with 
resistance in series with the discharge gap across the reactor, as 
the characteristics can be readily obtained by combining the data 
for the shunting gap alone with that for the shunting resistance. 
The former apply up to the time the gap discharges, after which 
the latter applys since the gap resistance is negligible where the 
current is relatively large. The objections to such a scheme are 
the same as for a shunting resistor, that is, it would have to have 
sufficient thermal capacity to carry its share of the short-circuit 
current until the fault is removed. This would require a fairly 
large resistor. Under ideal conditions this scheme would ap- 
proach the characteristics of a shunting lightning arrester. 


New Trends in Mercury Arc Rectifier 


Developments 
BY OTHMAR K. MARTE 


Member, A. I. E. E. 


Synopsis.—Research investigations conducted by engineers as 
well as physicists during the last few years have resulted in notable 
improvements in the mercury arc rectifier, in particular with 
reference to backfire protection and voltage regulation as well as 
improved manufacturing methods. These improvements made 
at possible to build rectifiers of very large current capacities as well 
as for very high voltages. The basic principle of rectification is 


HEN the steel-enclosed mercury arc. rectifier 
became available to users of direct current, it 
entered into keen competition with rotary 

converters and motor generators and presents over 
the latter a number of advantages now well-known 
to operating engineers. In the last few years the 
use of rectifiers has been extended to fields which 
may be designated as their own in that they comprise 
-applications for which rotary converters or motor 
generators are either costly and inefficient or not 
obtainable. One outstanding example is the case of 
3000-volt direct current traction where two 1500-volt 
machines have to be used in series on account of the 
limitations of commutators, resulting in very large 
conversion losses and a complicated operating pro- 
cedure. Another promising field for rectifiers is the 
electro-chemical industry, where certain processes 
require voltages ‘as high as 12,000 volts, for which no 
high-voltage source of direct current of the required 
capacity was available until the advent of the high- 
capacity mercury arc rectifier. The steel-enclosed 
rectifier is also used at present for radio transmission, 
where a single high-voltage unit replaces numerous 
vacuum tubes or complicated and delicate mechanical 
converting equipment. 

It is not generally known that the modern steel- 
enclosed rectifier is a product of the skill not only of the 
engineer but largely also of the physicist and, to a lesser 
extent, also of the chemist. Very little has so far been 
published about the work done by physicists on the 
mercury arc and comparatively scant literature is 
available to power engineers, traction engineers, and 
chemical engineers, in spite of the fact that during 
recent years they have been using rectifiers in increas- 
ing numbers in all parts of the world. It is not intended 
to give here a complete account of the theory of rectifi- 
cation, but a brief explanation of the valve action of 
the rectifiers will be given in order to explain some of 
the latest developments. 
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1. Chief Engineer, American Brown Boveri 
Camden, N. J. 
Presented at the Pacific Coast Convention of the A. I. EB. E., 


Portland, Oregon, September 2-6, 1930. 
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briefly reviewed in order to explain the results obtained with the aid 
of these improvements. Methods of testing rectifiers have also been 
improved on and new ones developed. Standard parts are now 
used for different rectifiers up to the largest capacities. An account 
is gwen of notable recent rectifier installations for city subway 
service, for a portable street-railway substation, radio transmission, 
electrolytic zinc refining, and for Edison systems. 


THEORY AND DESIGN 


In order to explain simply the principle of therectifier, 
a single-phase two-anode rectifier set is usually con- 
sidered. Such a rectifier is shown schematically in 
Fig. 1. Each anode carries the whole current for the 
half cycle during which it is positive with respect to 
the cathode, whereas for the other half of the cycle it 
carries no current. This is due to the property of the 
anode of preventing the flow of electric current in one 
direction while permitting it in the other direction. 


J—SInGuLE-PHAsE Two-Anopr ReEctiFieR SET AND D1a- 
GRAM OF VOLTAGE BETWEEN ANODES 


Pre. 


This alternation of presence and absence of current on 
each anode is repeated once for every cycle so that, 
for a 60-cycle alternating-current supply, it is repeated 
60 times per second. During this operation, the 
voltage between the two anodes is equal to the whole 
voltage of the transformer secondary, whose peak value 
is over twice the d-c. voltage. In the case of a 13,000- 
volt radio transmission rectifier, described below, the 
mercury vapor between the two anodes must, therefore, 
be able to withstand over 26,000 volts without breaking 
down. 
73 
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The physical phenomena which produce this valve 
action are the whole secret of the operation of the rec- 
tifier and extensive investigations were carried out by 
physicists in cooperation with engineers in order to 
elucidate this action. It is not immediately apparent 
why the current flows between the anodes and the 
cathode, under the action of a potential difference of 
only about 25 volts, instead of between the anodes to 
which the potential difference applied may be 1000 
times as great. The passage of current is due to the 
motion of positive ions and negative electrons traveling 
freely between the cathode and whichever anode is at a 
positive potential. The other anode, which is at that 
time negative with respect to the cathode, is at too low 
a temperature for emitting electrons. Since it is 
charged negatively it continually repels the free elec- 
trons moving about inside the cylinder, and at the same 
time attracts the positively charged mercury ions which 
therefore concentrate around the anode and form all 
around it what is called a positive space charge which 
will insulate it for considerable voltages. The actual 
thickness of this layer, represented by plus signs in 
Fig. 1 varies in proportion to the voltage. The voltage 
diagram below Fig. 1 shows how it localizes the voltage 
drop between the anodes with a very high gradient in 
the immediate neighborhood of the negative anode, 
while outside of the space charge the electrons and 
positive ions move as if there were no potential dif- 
ference present between the two anodes. 

All insulated metallic parts of the rectifier which are 
in contact with the mercury vapor, receive a negative 
charge due to the impact of numerous free electrons 
present in the rectifier tank. Those parts, and also 
any parts which are maintained at a negative potential 
with respect to the cathodes, act like the negative anode 
in that they surround themselves with a layer of posi- 
tive ions, which layer insulates those parts and pro- 
tects them from contact with the rectifying are. It is 
for this reason that it is possible to build rectifiers with 
a metal enclosure, in which, also, the are is guided by 
metallic funnels and, in the vicinity of the anodes, by 
metallic anode shields. Protected by this space charge, 
the different metallic parts act as if they were made of 
insulating material. 

If for any reason the space charge surrounding the 
negative anode is broken down, the ions and electrons 
will then circulate between the two anodes, impelled by 
a potential difference which is no longer 25 volts but 
26,000 volts. The secondary of the transformer is 
actually short-circuited by the are and a heavy short- 
circuit current circulates between the anodes. This 
phenomenon is called an arc back or back-fire. The 
causes of the breakdown of the space charge around the 
negative anode are not fully understood. It is, how- 
ever, well established that a back-fire may be caused by 
poor vacuum, condensation of liquid mercury on the 
anode or by impurities of the anode material. The 
anodes are usually made of very pure iron or graphite, 
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which materials do not emit electrons at the operating 
temperature of the anode. Foreign particles on the 
surface of the anodes may, however, become incan- 
descent and emit electrons. Condensed mercury, 
which emits electrons at a relatively low temperature 
will also produce a breakdown of the space charge. 
If the short-circuit current following the breakdown 
volatilizes the foreign particle, the space charge is 
reestablished during the next half cycle, and the valve 
action is restored, which phenomenon is called a silent 
back-fire. If the breakdown is maintained, however, 
the protective equipment with which the rectifier is 
provided will disconnect it from the a-c. line, the valve 
action is immediately restored, in less time than the 
breaker requires for reclosing, and the rectifier is again 
ready to take load. 


ENGINEERING DEVELOPMENTS 


The danger of breakdown of the space charge in- 
creases with the capacity of the rectifier so that special 
means had to be devised for insuring continuity of the 
valve action of the rectifier. The most important. 
improvement along this line was obtained by means 
of screens introduced into the arc path in the vicinity 
of the anodes. ‘These screens may be made of iron or 
graphite in the shape of concentric rings or wire meshes, 
and may be solidly connected to the anode shields or 
insulated from them, or else energized by an outside 
source of electric potential. When designing such 
screens, care must be taken that they do not increase 
the voltage drop in the are. Following is a brief ex- 
planation of the action of these screens: 

When an anode is carrying current, its screen takes 
its potential from the arc and is, therefore, at a lower 
potential than the anode. When the anodes cease 
to carry current, the screen retains its potential for a 
short time, during which it is negative with respect to 
the anode. It therefore attracts the positive ions and 
maintains the space charge at the instant when the 
anode ceases to be positive, at which time the tendency 
to back-fire is most pronounced. 

Since the introduction of these screens, it has become 
possible to build rectifiers for very high current capac- 
ities per anode at medium high voltage and also 
rectifiers for very high voltages, while keeping their 
dimensions within reasonable limits. The progress 
made in this respect is evident when one considers that 
rectifiers for traction purposes now in operation are 
rated as high as 3,000 kw. nominal rating at 600-650 
volts and 2,000 kw. at 3,000 volts; cylinders used for 
electro-chemical purposes range from 7,200 kw. at 500 
volts to 2,000 kw. at 8,000 volts; for radio transmission, 
only 400 kw. at 13,000 volts has so far been required. 

With the broadening of the applications of rectifiers, 
a number of problems not directly connected with the 
operation of the rectifiers themselves had to be con- 
sidered. One problem which gave some concern to 
operating engineers a few years ago is the problem of 
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interference with commutation circuits due to the ripple 
in the direct current delivered by the rectifier. This 
problem was carefully studied at the outset and may 
now be said to be completely solved. As may be seen 
from the technical literature, equipment was immedi- 
ately developed to eliminate any case of telephone 
interference that may occur so that no troubles need 
be feared from this source any longer. 

In order to reduce the effect of back-fires on the 
rectifier circuit, large capacity rectifiers are equipped 
not only with quick-acting d-c. breakers but also with 
high-speed a-c. breakers. Oscillographic records taken 
in service show that with modern a-c. breakers back- 
fires can be interrupted in less than 8 cycles after the 
trip coil of the breaker is energized. The rectifier is 
put back into service immediately after the interruption. 

Another recent development of great value is the 
regulation of the d-c. voltage of the rectifier by control- 
ling the electric field inside the rectifier. This is ob- 
tained by controlling the point of the cycle at which the 
anodes pick up current in rotation.* This control is 
obtained by means of the energized screens mentioned 
above. In normal operation the arc is transferred from 
one anode to the next when the voltages applied to the 
two anodes are equal, or, in other words, at the point 
of intersection of their voltage waves. By retarding 
the point at which each anode picks up current, instead 
of using only the peak of the voltage wave for each 
anode, the firing occurs partly on the peak and partly on 
the sloping part of the voltage wave. The average d-c. 
voltage of the rectifier is therefore reduced and it is 
possible to vary it over wide limits without changing 
the value of the applied a-c. voltage. This will be 
made the subject of a later paper. 

In the case of rectifiers provided with interphase 
transformers it is also often desirable to eliminate the 
abrupt rise of the voltage curve at no load. This volt- 
age rise is present because, when the load decreases 
below a certain value, the third-harmonic flux in the 
interphase transformer decreases below its saturation 
value, thereby making the interphase transformer 
ineffective. This is easily remedied by providing the 
interphase transformer with an exciting winding per- 
manently connected to a bank of very small auxiliary 
transformers connected so as to give a voltage which is a 
third-harmonic of the fundamental wave. 

Not only in the design of rectifiers has considerable 
progress been made, but also in the measuring methods 
used with them. This was made necessary by the 
increased capacities of rectifier cylinders. In the past, 
the losses have been measured by means of a watt- 
meter having its current coil inserted in one anode lead 
and its voltage coil connected between the same anode 
and the cathode. The voltage drop in each anode can 
also be determined directly by taking an oscillogram and 
computing the average of the oscillographic curve. 

*Mereury Are Power Rectifiers, by Marti and Winograd, 
McGraw-Hill, Chapter XII. 
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Since, in a rectifier, the losses are independent of the 
output voltage, they become large compared to the 
output at very low voltages, and it is possible to mea- 
sure them accurately by means of the input-output 
method. The output is easily determined by means of 
d-c. instruments while the input is determined by 
measuring the power output of each phase of the trans- 
former secondary, which requires six wattmeters for a 
six-phase connection. With the very large anode cur- 
rents encountered at present, it becomes necessary to 
connect the wattmeter current coil to the anode leads 
by means of current transformers. Since the anode 
currents are uni-directional the cores of the current 
transformers become saturated and their accuracy is 
impaired. This inconvenience can be avoided and the 
number of wattmeters reduced to three, by the following 
novel method: 

_ Each wattmeter current coil is connected to a current 
transformer having two-primaries inserted in opposition 
into the leads of two anodes working half a cycle apart. 


Fig. 2—MerASUREMENT OF RectTiFIER Losses—DIAGRAM OF 


CONNECTIONS 


The wattmeter voltage coil is connected to one of these 
anodes and ground. The wattmeter thus measures 
the output of two opposite phases of the transformer, 
and the current transformer, alternately receiving 
positive and negative current impulses, is no longer 
saturated so that accurate measurements can be made. 
A diagram of connections is shown on Fig. 2. By this 
method half of the secondary copper losses of the trans- 
former are included in the measurement, but the read- 
ings can be corrected accordingly. 

In the manufacture of rectifiers, load tests are more 
essential than in the manufacture of other electrical 
equipment, as there are no other ways for predeter- 
mining the performance of rectifiers under load, and for 
checking whether their construction has been conducted 
with the requisite care. For a load test at normal volt- 
age and normal output, the rectifier is fed by a trans- 
former having the same rating. In the last few years, 
due to the rapid increase in capacity of rectifiers, a test 
at full load or overload, run simultaneously on several 
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rectifiers, will tie up an excessive amount of testing 
equipment. The capacity of the required transformers 
can, however, be reduced almost one-half by the 
following ingenious method: 

As shown in Fig. 3, half of the anodes of the rectifier 
are fed at normal voltage. and normal current by a 
transformer which therefore must have only half the 
capacity of the rectifier. The d-c. output is fed back 
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Rheostat B= 


Motor 
Generator 


Fig. 3—Loap Test or RecrrrFiER—DIAGRAM OF CONNECTIONS 
into the a-c. line by a motor generator, also having half 
the rating of the rectifier. The remaining anodes of 
the rectifier are fed at a fraction of the normal voltage 
and at normal current by another transformer which 
has, therefore, only a very small rating and whose out- 
put is usually dissipated in a water rheostat. This 
method is made possible by the fact that the voltage 
drop in the rectifier is independent of the voltage on the 
load, so that both groups of anodes can work in parallel 
without difficulty. All anodes are fully loaded and, 
with half of them receiving the full voltage, the operat- 
ing conditions are practically the same as when all 
anodes are fed at normal voltage. When the test has 
run for half the required time, the connections between 
the groups of anodes and the two transformers are 
interchanged so that each group of anodes will have 
received full voltage during one-half of the run. 


STANDARDIZATION OF RECTIFIERS 


Fig. 4 shows schematic cross-sections on a compara- 
tive scale of one series of rectifiers of the Brown Boveri 
design having respectively, 6, 12, 18, and 24 anodes. 
It may be seen that the general outline of all types is 
the same; this basic construction was adopted over 
15 years ago and has proved satisfactory ever since 
without any major changes. Each rectifier comprises 
a water-jacketed cylinder covered by an anode plate 
which carries a condensing dome. The anodes are 
carried by the plate, from which they are insulated. 
The capacity of the rectifier determines the number of 
anodes required, which in turn determines the dimen- 
sions of the anode plate. The anodes are sealed in 
their insulators by means of mercury seals provided 
with gages giving a permanent check of the condition 
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of the seals. In order that the cathode may easily be 
removed without lifting the cylinder, the latter is 
provided with feet of adequate height. Each welding 
seam of the working cylinder is covered by a channel 
welded on the cylinder so that, by putting the channel 
under air pressure, it is possible to test each seam 
separately without closing and evacuating the whole 
cylinder. 

The types of rectifiers shown on Fig. 4 are standard 
and, in their design, care was taken to use as many 
identical parts as possible so as to reduce the number of 
spare parts necessary for different sizes. Among those 
parts are the anodes, the anode insulators, ignition 
anodes, excitation anodes, cathode plates, and the 
component parts of the seals for their various joints, 

The evacuating equipment, which consists of a rotary 
pump and a high vacuum pump, is the same for all 
types of rectifiers, two sets of pumps in parallel being 
used for the larger types of cylinders. In order to 
simplify erection and reduce the space required for the 
rectifier, the pumps are now mounted directly on the 
cylinder. 

The excitation and ignition transformers are combined 
in one compact unit which is the same for all sizes 
of rectifiers. | 


EXPANSION OF FIELDS OF APPLICATION OF MERCURY 
ARC RECTIFIERS 

The majority of high-capacity rectifiers put in service 

recently are used for traction purposes, for which the 

experience of a. number of years has shown that they 

are especially suitable. Advantage has often been 


12 Anodes - 6,500 Amperes 
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18 Anodes - 10,000 Amperes 24 Anodes - 13,000 Amperes 


4—CoMPARATIVE CROSS-SECTIONS OF A SERIES OF BROWN 
Bovert REcTIFIERS 


Fig. 


taken of the possibility of connecting a 25-cycle rec- 
tifier set to either a 25-cycle or a 60-cycle supply, as 
necessary in some installations, or switching it from one 
supply to the other, should either supply fail. Several 
rectifiers operating in parallel can also be fed from dif- 
ferent a-c. sources, and even from sources of different 
frequencies, without any of the difficulties encountered 


with other converting equipment. 
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A new field of application for large-capacity mercury 
are rectifiers was opened with the putting in operation 
early in 1930 of two 2500-kw., 650-volt, nominally 
rated rectifiers in a substation supplying power to the 
Philadelphia City Transit subways. The installation 
is shown in Fig. 5 and, as can be seen, space has been 
provided. for two additional units. The load condi- 
tions which have to. be met in this kind of service are 
best illustrated in the portion of a load chart shown in 


Fig. 
RateD RECTIFIERS IN 
TrRaNsI?T DEPARTMENT 


5—View or Two, 2500-Kw., 630-Votr NomInALLy 
SUBSTATION OF PHILADELPHIA CITY 


Fig..6. This shows the suddenness with which peak 
loads are imposed on the converting equipment supply- 
ing*rapid transit systems. In this installation the 
voltage rise at no load is suppressed in the manner 
explained previously, under the heading Engineering 
Developments. 

The mercury arc rectifier has a most promising appli- 
cation in railway portable substations. Fig. 7 shows 
such a substation for 600-kw., 575 volts in use on the 
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Calgary Street Railway system. In this substation, the 
rectifier and auxiliaries, together with switching equip- 
ment, are protected by housings, whereas the trans- 
former and reactor are left outdoors. Portable sub- 
stations being mounted on springs, the capacity of rotat- 
ing equipment which could be installed in them is very 
limited as machines of large capacity would produce 
excessive vibration in a car of standard design. The 
mercury arc rectifier, on the other hand, being a static 
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piece of apparatus, the only limitations to its use will be 
the weight and the size of the transformer. It is com- 
paratively easy to install a complete rectifier substation 
for 3000 kw. at a d-c. voltage of 600, 1500 or 3000 volts 
on a standard flat car, which is far beyond the present 
requirements for portable substations. The mercury 
are rectifier is specially desirable for this application in 
view of the ease with which it can be remote-controlled 
or made fully automatic. 

The limitations of rotating equipment have retarded 
the development of portable substations, but with rec- 
tifiers the advantages become so numerous that it may 
be predicted that their use will be very extensive in the 
future. Portable substations can be erected complete 
on the manufacturer’s premises and delivered ready to 
be connected to the line, therefore doing away with all 
erection expenses. In case of a failure of the equipment, 
the complete substation can be hauled into the car barn 
where all repair facilities can be concentrated so that 


Fig. 7—Euevation or 600-Kw., 575-Vour Automatic Port- 
ABLE RECTIFIER SUBSTATION OF City OF CALGARY 


1. Rectifier cylinder 9, Lightning arresters 
2. Vacuum pump 10. Air-core reactor for fitter 
3. Frame for rectifier and equipment 
vacuum pump 11. Switchboard 
4. Transformer 12. Ignition-excitation set 
5. Oil circuit breaker 13. Filter equipment 
6. Guy wires for rectifier 14. Protective rail 
cylinder 


repairs can be made rapidly and economically. The 
portable railway substation therefore presents a num- 
ber of advantages over the stationary type and it may 
not be impossible that some day they will completely 
supersede the latter, at least for street railway service 
and especially for electric trackless trolley buses where 
the lines could be re-routed with no further expense than 
that necessary for removing and re-erecting the trolley 
wires. 

For installations with very large d-c. outputs, it may 
be economical to install the rectifiers outdoors, and, as 
may be seen from Fig. 8, rectifiers lend themselves 
readily to very compact layouts. The cylinders are 
covered by sheet metal housings, and are directly con- 
nected to their transformers. Rectifiers and trans- 
formers can be rolled into position on a car running on 
adjacent track siding. The d-c. feeders can be brought 
out overhead or through cables from the switch house 
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located in the center of the substation. The a-c. 
feeder layout is in accordance with standard practise, 
and requires no further explanation. 

A very interesting application of high-voltage rec- 
tifiers was found in radio transmitting stations, where 
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Fig. 8—Prosect or Layout or Ovurpoor ReEcTIFIER SUB- 


STATION 


voltages ranging from 10,000 to 30,000 volts are re- 
quired. For such stations of considerable power, the 
mercury arc rectifier is especially well adapted as it can 
be put in service instantly, resists short-circuits which 
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9—View or 400-Kw., 
Marconi Wrretess Tevecrarn Co., Lrp. 


13,000-Votr ReEcrirreR FOR 


are disastrous to other types of converters and has a 
high efficiency which will effect a considerable saving 
compared to thermionic tubes. In addition, the life 
of the rectifier is indefinite, whereas the tubes have a 
limited life. Fig. 9 shows a 400-kw., 13,000-volt 
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rectifier installed by the Marconi Wireless Telegraph 
Company, Ltd., at Chelmsford, England. It can be 
seen in this figure that the anodes are equipped with 
over-size insulators; furthermore, that the cooling 
water is supplied through long rubber hoses wound on 
insulators shown in the foreground, in order to prevent 
excessive leakage currents to ground. Another unit, 
of 270 kw., will shortly be installed by the same com- 
pany at Lucerne, Switzerland. This application was 
described because it shows that mercury arc rectifiers 
can, without difficulty, be built for heavy currents and 
high d-c. voltages. 

Considerable interest was aroused by the installation 
of six rectifiers for 5,000 amperes each at 460-560 volts 
by the Consolidated Mining & Smelting Company, 
Trail, B. C., as shown in Fig. 10. These rectifiers 
are used for electrolytically refining zinc and are the 
largest installed on the American continent. In this 
type of installation, the load is constituted mainly by the 


Fie. 10—Recririer INSTALLATION oF S1x, 5000-AmMPEREs, 
460/560-V oLT RECTIFIERS FOR CONSOLIDATED Minine & SMELT- 
ING Co., Trait, B. C., CANADA 


counter-e. m. f. of the cells, which have only a small 
amount of resistance. It is easy to compute that, with 
this type of load, the alternating current due to the 
voltage ripple will be much larger than with resistance 
of inductive loads, but a very small amount of induc- 
tance in the d-c. circuit is sufficient to reduce the ripple 
current to any desired value. 

In hydrogen plants, one advantage of the rectifier 
is that it is not subject to reversals of polarity, which are 
a source of disastrous explosions. Moreover, in the 
case of large electro-chemical installations operating 
continuously 24 hr. a day, the absence of brush wear 
alone constitutes an appreciable advantage for the steel- 
enclosed mercury arc rectifiers. 

Very recently a number of rectifiers has been in- 
stalled for supplying power alternately to a 250-volt, 
3-wire, d-c. Edison system and a 600-volt railway sys- 
tem. As the mercury arc rectifiers work at any com- 
mercial voltage these abnormal operating conditions 
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are being taken care of by merely changing the trans- 
former connections. 


CONCLUSION 


This brief study of recent rectifier developmentsshows 
that the rectifier can be used to advantage for any power 
application requiring conversion from alternating to 
direct current. It has made available for existing 
applications reliable units of higher capacity and has 
permitted the development of applications hitherto 
retarded by the lack of a suitable converter. Due to 
the ease of its generation and conversion, alternating 
current has taken a long lead over direct current, and 
is being used for applications where direct current would 
be preferable. Since theadvent of therectifier, however, 
the use of direct current has received a considerable 
impetus, and it will no doubt gain additional momen- 
tum in the near future. 


Discussion 


S. Withington; Mr. Marti’s paper constitutes an appro- 
priate addition to the literature of experience and description 
which is accumulating in connection with the mercury are 
rectifier. 

One of the more important fields for which rectifiers or con- 
verters are required is in electric traction. It is of interest 
to note that of the two examples of 3,000-volt d-c. steam 
railroad electrification which have been placed in operation 
during the present summer, one is equipped entirely with motor- 
generators and the other entirely with static rectifiers. The 
relative performance of these two types of equipment will be 
observed with a great deal of interest, as the duties are nearly 
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identical and the inauguration of operation practically con- 
temporaneous. 


The subject of rating of mercury arc rectifiers should be 
settled as soon as possible. The characteristics of rectifiers are 
in some respects fundamentally different from those of rotary 
converters or motor-generator sets, and it is not logical to base 
the rating upon such types of electrical apparatus. It is to be 
hoped that the joint committee which has undertaken the stand- 
ardization of mercury are rectifier ratings will arrive at an 
early conclusion and that this conclusion will be based upon 
actual characteristics and not upon analogy. 


One of the advantages of static rectifier equipment as com- 
pared with rotary converters or motor-generators which Mr. 
Marti might well have mentioned is in the restoration of service 
in the event of an interruption to the source of power. In 
the case of the rectifier the d-c. power may be completely 
restored simultaneously with the restoration of the supply, while 
with rotating equipment the entire requisite machine capacity 
must be started and connected to the supply before the 
d-c. load can be earried. This difference may be of con- 
siderable importance in the case of comprehensive d-c. networks. 
Some further discussion of this would be of interest. 


Mr. Marti has called attention to the adaptability of rectifiers 
as compared with rotary apparatus for portable substations. 
There is one limitation which may be important under certain 
cireumstances, unless proper provisions are made. A supply of 
cooling water is not always available at a location (especially a 
temporary one) which may be convenient, even though the water 
cooling system may be a closed one. 


The reference which Mr. Marti made to outdoor application of 
rectifiers is significant. The tendency towards adaptation for 
outdoor installation of all sorts of electrical apparatus is evident 
and the saving thus made possible is obvious. The chief dif- 
ficulty is maintenance in inclement weather. It would seem that. 
this can be overcome by proper temporary shelter. 


Development of a Relay Protective System 


On the Lines of the Southern California Edison Company, Ltd. 
BY E. R. STAUFFACHER: 


Member, A. I. E. E. 


Synopsis.—A record of the application of protective relays on the 
system of the Southern California Edison Company, Ltd., is pre- 
sented. The history of this development of the protective relays in 
the 220-kv. transmission line, together with the results of the applica- 
tion of protective relays is recorded. In view of the limited applica- 
tion of carrier current protection, considerable discussion 1s 


presented covering its application on a section of the 220-kv. trans- 
mission system. Allied considerations pertaining to system stability 
on the 220-kv. system are discussed, and the rearrangement of the 
66-kv. system as a means of improving system stability is also pre- 
sented. In the interest of improving service, certain changes on the 
lower voltage 16-kv. and 11-kv. systems have been made. 


INTRODUCTION 


HE last decade has witnessed notable developments 
T in steam generating units, the extension of high- 
voltage transmission together with the application 
of increased sizes of transformers, oil circuit breakers 
and synchronous condensers. The plans for the opera- 
tion of extended high-voltage transmission networks 
have become a reality and the reliability of transmission 
over long distances now compares favorably with the 
reliability of transmission over much shorter distances a 
few years ago. The development and application of 
protective relays has made it possible to maintain con- 
tinuity of service under conditions which would have 
been impossible ten yearsago. In addition to providing 
uninterrupted service, protective relays permit a more 
efficient use of transmission lines by utilizing several 
lines in parallel with a consequent reduction in J? R 
losses even though one line might be of sufficient capac- 
ity to handle the load. 

The serious application of protective relays to the 
system of the Southern California Edison Company, 
Ltd., dates from approximately ten years ago. In 1920 
a program of installing modern type induction relays 
was inaugurated on the 66-kv. lines. A few years later 
when the Big Creek 150-kv. lines were modified for 220- 
kv. operation protective relays were installed although 
these lines up to this time had been operated without 
automatic devices of this nature. Since this time the 
use of modern induction type relays has extended 
throughout the system with the exception of the 2.3-kv. 
and 4-kv. lines which only require plunger type relays. 
At present there are in use approximately 9,300 pro- 
tective relays on the system. 


PREVIOUS WORK 


In 1923 the Big Creek transmission system was 
changed from 150-kv. to 220-kv. operation. Pre- 
vious to that time no protective relays for automatically 
isolating defective sections of the lines had been used. 
The practise up to 1923 had been to lower the voltage 


1. Electrical Protection Engineer, Southern California Edison 
Company, Ltd., Los Angeles, California. 

Presented at the Pacific Coast Convention of the A. I. E. E., Port- 
land, Oregon, September 2-5, 1930. 
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on the transmission lines manually by introducing 
resistance in the fields of the various generators and 
synchronous condensers. By means of a “trouble” 
rheostat the operators throughout the transmission 
system lowered the voltage until the arc broke, and 
when ground currents ceased to flow, the voltage was 
restored to normal by hand. This served to remove the 
short circuit from the system, but necessarily resulted 
in a service interruption. At the time the lines were 
changed to 220-kv. operation it was realized that this 
system of removing short circuits could no longer be 
tolerated, and the decision was made to install pro- 
tective relays. The transmission system at that time 
consisted of only two lines from the Big Creek group of 
generating plants to the Eagle Rock and Laguna Bell 
terminal substations, with a substation known as 
Vestal and a switching station known as Magunden 
located in the San Joaquin Valley and approximately in 
the middle portion of the transmission system. Induc- 
tion type current balanced relays were relied upon for 
the automatic isolation of faults. The connections 
were made so that two lines at a given generating plant 
or substation were balanced against each other and 
under automatic protection, but if it was necessary to 
remove one line from service the remaining line was 
made solid or non-automatic. Phase relays only were 
installed. Provision was made at the generating plants 
and substations to automatically insert resistance in the 
field of each of the machines in service and thus lower 
the voltage if by chance a fault should occur on a 
section where only one line, that is, the line which was 
not provided with protective relays, was in service in a 
given section. This scheme of relay protection was a 
great improvement over the past non-automatic scheme, 
but a few years’ service showed that there were certain 
improvements which could be made to advantage. 

The first change was the addition of current balanced 
residual or ground relays similar to the phase relays 
already installed, but designed to operate at a lower 
value of current. This modification improved the 
relay operation considerably as it speeded up operation 
at the time of the heavier ground fault currents and 
eliminated a faulty section of line when a comparatively 
light ground current would flow. Under the previous 


March 1931 


conditions of using phase relays only there would not 
have been sufficient current to cause the phase relays to 
operate. With this relay set-up the larger percentage 
of faults was cleared without interruption to service. 
However, a few of the short circuits were either slow in 
clearing or occurred at the time of a heavy load on the 
system, resulting in the two ends of the system going 
out of step even after proper elimination of the faulty 
section of the transmission line. 


220 KK SYSTEM 


Fig. 


In 1925 arrangements were made with the Westing- 
house Company to install special recording instruments 
on the transmission system. The results of the first 
eighteen months of investigation have been published 
already? and need not be repeated here. Since 1927 
there has been a considerable extension of the 220-ky. 
transmission system. The development of the pro- 
tective relay system and the results of its use will be 
recorded in this paper. 

The present 220-kv. system extends from the hydro 
plants in the Big Creek territory to the steam generating 
plant at Long Beach—a distance of about.230 miles. 
Fig. 1 is a single line diagram of this system showing 
the connections and relation of the various generating 
plants and substations. Table I presents the syn- 
chronous capacity of the rotating equipment at the 
various generating plants and substations. 


220-Kv. RECORDS OF FAULTS 


A eareful record of ‘the flashovers and other causes 
which might cause interruptions together with the 
protective relay operations has been kept from the 


‘2. Transients Due to Short Circuits, by Wood, Hunt and Gris- 
com, A. I. E. E. Trans., Vol. 47, p. 68. 
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beginning of the period of automatic elimination of 
faults on the 220-kv. transmission system.. Table II 
gives this information up to the present time. In this 
table will be noted the number of transmission faults 
and the faults cleared correctly together with the num- 
ber of times the protective relays were not able to clear 
faults. The relay scheme during the past was such that 


the removal of one line of a section for maintenance left 
the remaining line non-automatic. 


Consequently a 


1—SInGLE-LINE DIAGRAM SHOWING THE 220-Ky. TRANSMISSION SYSTEM OF THE 
SouTHERN CALIFORNIA Eprson Co., Lrp. 


fault on this remaining line could not be cleared except 
~ by lowering the transmission line voltage with a result- 
ing interruption to service. Another situation was soon 
apparent. With only two 220-kv. transmission lines 


TABLE I 


| Number Total capacity 


Name of station of units | name plate rating 


Generators 


Big Creek No. 1 hydro generating plant... 4 80,500 ky-a. 
Big Creek No. 2 hydro generating plant.. . 4 70,000 b 
Big Creek No. 2A hydro generating plant. . 2 90.000 - 
Big Creek No. 3 hydro generating plant... 3 84,000 = 
Big Creek No. 8 hydro generating plant... 2 60,000 % 
Long Beach No. 3 steam plant........... 2 200,000 * 
Synchronous Condensers 
Eagle Rock substation................... 4 | 90,000 ky-a. 
Laguna Bell substation.................. 4 140,000 a 
Lightipe substation. oti ..2 2. ers wes 2 he 2 100,000 al 
50-60 Cycle Frequency Changers 
RGEtOL?S 5.32 . APPS S hae See tives eee ne eras 1 . 30,000 ky-a. 
Vestaba stay . ake Pi ebteeacis ett catia. eee | 2 30,000 s 


Total synchronous capacity —974,500 kv-a. 


available and with the generating stations located at one 
end of the system and the load at the other, as was the 
case up to a few years ago, instability would often result 
at the time of heavy loads even though the relays 
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operated correctly to clear a fault. This situation led 
to the installation of oscillographs and curve drawing 
instruments at a number of the generating plants and 
substations so that the transient conditions resulting 
from a fault could be recorded. A study of these records 
indicated the necessity for clearing the faults in a shorter 
time, limiting the ground current to as small a value as 


TABLE IT 
220-KV. INTERRUPTIONS 
Number of Percentage 
Number Faults timesrelays| *System {system inter- 
of cleared not in at inter- ruptions to 
Year faults correctly |time of fault} ruptions faults 
1924 22 8 13 14 63.8 
1925 25 19 4 3 12 
1926 36 27 1 8 22.2 
1927 24 13 4 9 37.5 
1928 26 18 5 fi Mf 
1929 30 25 0 2 6.7 
1930 20 18 0 0 0 
Through 
June 


*Due to load, severity of trouble, speed of clearance of trouble, location 
of trouble, system connections which determine source of power, and to 
protective relays being out of service. 


practicable, quick response of generator field excitation, 
and for an additional transmission line. 

The recording instruments have since been installed 
as permanent equipment. In addition a number of 
Hall high-speed recorders is in service at the Big Creek 
hydro plants and substations to measure fault current 
to ground and voltage dips at the time of the fault. 
At Long Beach Steam No. 3 a nine element Westing- 
house oscillograph together with a standard 50-cycle 
tuning fork is permanently installed to record transient 
disturbances. 


PROTECTIVE RELAY INSTALLATIONS 


The records which have been kept of the flash-overs” 


and other troubles on the 220-kv. transmission system 
show that at no time has there been any transient fault 
which has not been accompanied by a flow of some 
ground current. The wide spacing of the conductors 
at this high voltage no doubt is responsible for the fact 
that the likelihood of phase-to-phase faults without a 
fault current to ground is rather remote. 
of this situation, the practise of the past few years has 
been to abandon the use of phase relays entirely, and to 
depend upon ground or residual relays only for protec- 
tion. Where two or more lines are connected to a 
generating plant or substation, these lines are protected 
by induction type current balanced relays connected 
in the residual connection of the bushing type current 
transformers mounted in the high-tension oil circuit 
breakers. The relay scheme for single-line operation 
was changed so that protection was provided for a 
single line by means of residual directional relays actu- 
ated from the residual connection of the current trans- 
formers in the oil circuit breakers and from current trans- 
formers connected in the neutral or the residual connec- 
tion of the station transformers. The limitations of 


As a result » 
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installation of the neutral or ground end of the 220-kv. 
transformers necessitated that current transforniers be 
connected in each of the single-phase units, making up a 
three-phase bank and the residual connection from these 
current transformers in place of the usual method of 
using one current transformer connected in the neutral 
of a bank of three transformers, as is generally the case 
when lower voltage transformers are under consideration. 

The question of testing protective relays on impor- 
tant transmission lines is always a problem. To make 
an over-all test of the relays with the oil circuit breaker 
necessitates that a line be removed from service or the 
line made non-automatiec during .the test, and the 
chance must be taken that no trouble occurs on the 
transmission line at the time a test is being made. 
Generally it works out that the line may be made 
non-automatic and the relays tested without. any 
trouble, but there have been a few cases when trouble 
did occur when a section of line was non-automatic at 
the time of testing relays, and as a result it was decided 
to eliminate the possibility of a transmission line inter- 
ruption from this source by installing duplicate sets of 
residual relays for each line. This amounts to having 
one set of relays for each of the two oil circuit breakers 
controlling a transmission line. This permits the test- 
ing of one set of relays with its oil circuit breaker and 
leaving the line under adequate protection with the 
remaining set of relays, with this particular oil circuit 
breaker controlling the line which is being tested. 

This latest scheme of protection has been installed 
throughout the full length of the 220-kv. transmission 
system, and was only completed in 1930. The two sets 
of relays are designated as set A and set B at the various 
generating plants and substations. The connections 
to the relays are such that normally, with all lines in, 
dependence is placed upon current balanced residual 
relays. For single-line protection residual directional 
current relays or simple over-current relays are used. 
By means of the type JD relay, which is an accurate 
disk type of d-c. timing relay or the type PQ-26 relay 
which is a plunger type, provision is made to assure 
operation of only the oil circuit breakers on the line in 
trouble at the time of a fault. This is accomplished 
by utilizing the timing relay to introduce a few seconds 
interval of time between the opening of the oil circuit 
breakers on the line in trouble, and the making of the 
remaining line automatic for single-line protection. 

The 220-kv. Vincent line from Gould substation to 


-Magunden substation, and from Magunden substation 


to Power House Big Creek No. 8, has slightly different 
characteristics from the two original Big Creek lines and 
does not connect with all of the substations between 
Big Creek No. 3 and Gould, as is the case with the two 
original lines. Asa result, the Vincent line has a some- 
what different current distribution than the two other 
lines at the time of fault on certain portions of the sys- 
tem, and it has always been somewhat of a problem to 
provide it with proper protection when depending upon 
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current balanced relays which were satisfactory for the 
two original lines. The two terminals of one of the two 
sections of this line are connected to switching stations 
which are not provided with any means of obtaining 
potential from the 220-kv. transmission line, and for 
this reason it was not possible to provide protection with 
power directional relays. As a result of this condition, 
it was decided to investigate the possibilities of utilizing 
the carrier current pilot protection scheme of protection 
originally described by Fitzgerald,? and which offered 
certain advantages not readily obtainable with other 
forms of protection on high voltage and long sections of 
a transmission line. 

The carrier current pilot scheme of protection has 
been in service for approximately a year on the Gould- 
Magunden section of the 220-kv. Vincent transmission 
line. It is similar to the other forms of protection on 
the 220-kv. system:in that it provides for line-to-ground 
short circuit protection only. It may be compared to 
the pilot wire relay circuit where the pilot circuit is 
completed by means of a physical conductor between 
the two stations at the end of the transmission line 
section. The same net results are obtained, but the 
exchange of relay operating current does not occur with 
the carrier current system of pilot protection. It 
operates in such a manner as to compare the direction 
of the instantaneous residual currents at the two ends of 
the section of line affected. If the instantaneous 
residual current is in phase, that is, in the same direc- 
tion, indicating that a fault is external to the section 
protected by the carrier current pilot protection, the 
equipment operates to lock out and prevent the induc- 
tion type over-current relays from tripping the auto- 
matic oil circuit breakers. However, if the fault is in 
the section of line under carrier current pilot protection, 
current will flow towards the fault from the energy 
sources at each end of the section and the currents 
at the two ends will be approximately 180 deg. out of 
phase with each other. Under these conditions of the 
instantaneous residual currents flowing in opposite 
directions, a fault within this section is indicated and the 
carrier current receiver at each end is made inoperative 
automatically, which permits the induction type over- 
current relays to function at both ends and trip the oil 
circuit breakers, thus clearing the fault in this section 
from the system. A detailed description of this instal- 
lation has been published elsewhere,‘ so it will not be 
necessary to repeat it here. Table III gives the results 
obtained with this protective equipment. When it is 
considered that it is an innovation in protective 
schemes, and that a great many problems had to be 
worked out before it was manufactured and installed 
the results have been quite satisfactory. At each of 
the two switching stations the section of the 220-kv. 


3. A Carrier-Current Pilot System of Transmission Line 
Protection, by A. S. Fitzgerald, A. I. E. E. Trans., Vol. 47, p. 22. 
4. “Carrier Current Replaces Relay Pilot Wire,” E. R. 
Stauffacher and F. B. Doolittle, Electrical World, Vol. 95, No. 12, 


p. 580. 
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line which is protected terminates in a set of two oil 
circuit breakers which connect to the two high-voltage 
buses at each station. Coupling between the 220-kv. 


TABLE III 
OPERATION OF CARRIER CURRENT PILOT PROTECTION 
ON THE VINCENT 220-KV. LINE—95 MILE—MAGUNDEN 
TO GOULD SECTION 


Operation of 
carrier 
current pilot 
Date Location of fault protection Remarks 
July 3, 1929 | Exterior to section | Incorrect | Insulator string part- 
ed, grounding con- 
ductor. Oil circuit 
breaker at Gould 
tripped out on Vin- 
cent Line as the re- 
sult of incorrect 
current transformer 
connection at Gould 
July 3, 1929 | Exterior to section | Incorrect | Same trouble as above. 
Switch opened at 
Magunden when de- 
fective line  acci- 
dentally energized 
Aug. 9, 1929 | Exterior to section Correct Tree blown into line 
Aug. 13, 1929 | Within section Correct Lightning 
Aug. 14, 1929 | Exterior to section Correct Station 220-kv. trans- 
former breakdown 
Aug. 19, 1929 | Exterior to section Correct Brush fire under line 
Aug. 20, 1929 | Exterior to section Correct Brush fire under line 
Aug. 25, 1929.| Exterior to section Correct Breakdown of 220-kv 
oil circuit breaker 
Oct. 27, 1929 | Exterior to section Correct Bird trouble on line 
Nov. 17, 1929 | Exterior to section Correct Bird trouble on line 
Dec. 25, 1929 | Exterior to section Correct Bird trouble on line 
Dec. 31, 1929 | Exterior to section Correct Wire thrown over 220- 
ky. line 
Jan. 7, 1930 | Exterior to section Correct Unknown-heavy wind 
at time of trouble 
Jan. 13, 1930 | Exterior to section Correct Bird trouble on line 
Feb. 1, 1930 | Exterior to section Correct Bird trouble on line 
March 14, 1930 | Within section Correct Sleet storm along line 
March 14, 1930 | Exterior to section Correct Overhead ground wire 
; parted.— Storming 
March 14, 1930 | Within section Correct Sleet storm along line 
March 14, 1930 | Within section Correct Sleet storm along line 
March 14, 1930 | Within section Correct Sleet storm along line 
March 14, 1930 | Within section Correct Sleet storm along line 
March 14, 1930 | Within section Correct Sleet storm along line 
March 15, 1930 | Within section Correct Sleet storm along line 
(The eight cases of 
trouble above were 
evidently caused by 
sleet loading the con- 
ductors and the over- 
head ground wires 
resulting in contact 
between them) 
March 25, 1930 | Exterior to section Correct Wire in contact with 
conductors 
April 13, 1930 | Excerior to section | Correct Flashover on bushings 
of 220-ky. station 
transformer 
April 16, 1930 | Exterior to section Correct Bird trouble on line 
April 23, 1930 | Exterior to section Correct 220-kv. oil circuit 
breaker trouble, 
flashing to ground 
April 23, 1930 | Exterior to section | Correct Bird trouble on line 
SUMMARY 
Total cases of trouble since carrier current pilot protection installed... 28 
Cases of trouble exterior to section............. 22-205 see seen eeee 20 
Cases of trouble: within section. (0s c.20 6. ee os om abln ome voles 8 
Correctiopera tions ig 5 y15 -)< tela ask toe aly polyenes 2 ooo ai Me eineny ae ee 26 
Treorrecth OMGratlons). 1c- sec ars sigh wial ee a ateay ee) ney Oe alk Nea psie con alates 2 


Vincent transmission line and the carrier current pilot 
protection is obtained by means of oil-filled coupling 
capacitors connected to two of the three-phase wires, 
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each connected from line to ground, which gives what 
is termed “interphase’”’ coupling. This coupling is 
made to the same phase wires at each end of the section 
protected, and the same set of capacitors is utilized for 
transmission of the carrier current pilot protection 
carrier frequency and the carrier current telephone 
system carrier frequency over the same transmission 
line. 
oil circuit breakers at each station are installed carrier 
current frequency traps built quite similar to a large 
choke coil and having a capacity of 800 amperes con- 
tinuous duty, and an inductance of approximately 70 
microhenrys. Due to the double use of the capacitors, 
it is necessary to filter the protection carrier frequency 
and the communication carrier frequency into their 
proper channels. 

The relatively heavy volt-ampere burden placed 
on the bushing type current transformers by the carrier 
equipment and the necessity of exciting the carrier 
current equipment from the secondaries of these bushing 
type current transformers requires that the fault current 
to operate the equipment must be 320 amperes or more. 
This rather coarse setting of 320 amperes has been satis- 
factory, but it would be desirable to obtain a setting 
of from 200 to 250 amperes if practicable. Studies 
and experiments are now under way by the manufac- 
turers which give promise of obtaining certain charac- 
teristics which will permit the lower setting to be used. 
The over-current induction type relay which is used is 
so designed as to operate at an unusually high speed for 
this type of relay. In order to obtain the greatest speed 
of operation of the carrier current pilot protection con- 
sistent with a reasonable life of the vacuum tubes, the 
filaments of all of the tubes are operated at approxi- 
mately full voltage, but with no excitation on the 
plates. The experience so far indicates that it is neces- 
sary to make a transmission check of the equipment at 
frequent intervals, and provision has been made to 
make a simple transmission check at each station every 
‘two weeks. This check requires about one hour to 
make, and has been simplified so that it is now a part of 
the regular duties of the station crew in each station. 

ALLIED CONSIDERATIONS 

The successful application of protective relays on a 
_ transmission system is so closely linked with the static 
and transient stability of the system that consideration 
must be given to these features whenever relays are 
considered.’ Stability is the outstanding feature of 
long high-voltage transmission lines which determines 
the amount of power which can be commercially 
handled, and it is obvious that the stability of a trans- 
mission system is determined by the longest section of 
line which may be suddenly isolated from the system to 
clear a fault. The static stability limit can be readily 
calculated so that it is known that if the power demand 

5. “Extra High Voltage Transmission with Special Reference 
to American Practice,” J. P. Jollyman and HE. R. Stauffacher, 
World Power Conference, Tokyo, 1929, Paper No. 453. 


Between the coupling capacitors and the 220-kv..: 
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is such that the reduced transmission line capacity will 
not hold the generating and receiving ends of the line in 
synchronism, instability will result. The determina- 
tion of the transient stability limit does not readily 
permit a definite solution as the factors to be considered 
cannot always be obtained with the accuracy which is 
desirable. However, there is a number of outstanding 
features which can be considered and applied to a trans- 
mission system which will help greatly in maintaining 
stability under conditions of heavy short-circuit currents. 

First, a prompt clearance of a fault from the system is 
without a doubt the most important consideration. It 
is agreed now that the main factor in reducing distur- 
bance and preventing loss of synchronism between 
the generating and receiving ends of a transmission line 
is the rapidity of operation of protective relays and oil 
circuit breakers. During the past few years a great 
deal has been accomplished along these lines. Protec- 
tive relays are now available which will operate in a few 
cycles, and the manufacturers can now supply oil cir- 
cuit breakers guaranteed to operate in periods of be- 
tween eight and twelve cycles. Unfortunately such 
equipment has not been available for any great length 
of time, and the cost of replacing or rebuilding present 
220-kv. oil circuit breakers is-so high that it is not 
justified except as a last resort. On the system of the 
Southern California Edison Company, Ltd., the recent 
oil circuit breakers purchased have been of the modern 
high-speed type, and all future oil circuit breakers no 
doubt will take advantage of this feature of protection 
to gain greater assurance of stability under times of 
system disturbance. 

Second, the opinion still holds that the design of gen- 
erators and synchronous condensers from the standpoint 
of short-circuit ratio is important. A high short-circuit 
ratio, somewhere between 1.5 to 2, is quite desirable as it 
results in certain characteristics of machines which tend 
to increase the system stability. The generators which 
have been installed at Big Creek and. Long Beach 
Steam Plants during the past five years have been 
designed with as high a short circuit ratio as practicable 
so as to take advantage of this feature of maintaining 
system stability. 

Third, quick response or super-excitation provided 
for the purpose of building up a voltage quickly across 
the field winding of a synchronous machine by pro- 
viding additional magneto-motor force to neutralize 
the demagnetizing action of the short-circuit current in 
the armature winding, is not considered quite as impor- 
tant now in relation to other features of system stability 
as it was a few years ago. However, it is felt that if 
this quick response excitation can be applied at the time 
the newer and larger generators are installed, and to 
certain of the older and larger sized generators, that it is 
justified and assists materially in maintaining transient 
stability. 

Fourth, on the system of the Southern California 
Edison Company, Ltd., experience has shown that in the 
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case of transmission line troubles on high-voltage lines, 
faults from phase to ground predominate, and due to the 
construction of 220-kv. transmission lines, this is prob- 
ably the case with most systems. The power consumed 
in the fault causes a heavy power demand upon the 
transmission system as a result of the flow of ground 
current. Accordingly, it has been decided to take steps 
to limit the flow of ground current and the latest trans- 
former banks connected to the 220-kv. system in the 
metropolitan area adjacent to Los Angeles have been 
designed to operate with some device in the neutral to 
limit the flow of current. At La Fresa Substation, cur- 
rent limiting reactors rated at 600 amperes—60,000 
volts—50 cycle have been installed. A reactor is 
installed in the neutral of each of the two 75,000-kv-a., 
220-kv. star to 66-kv. delta transformer banks and the 
transformers are so designed that the 220-kv. neutral 
end is provided with 73-kv. insulation. Around each 
of the reactors from terminal to ground is mounted a 
sphere-gap set to flash over at 100 kv. The reactors 
are enclosed in a tank and oil immersed. The 120,000- 
kv-a., 16-kv. delta to 220-kv. Y transformer bank 
recently installed at Long Beach Steam Plant No. 3 
is designed with 73-kv. neutral insulation and operates 
with a neutral grounding device designed for use with a 
non-resonating transformer and rated at 4 amperes, 
50 cycles, 73,000 volts. These devices for limiting the 
ground current have been in service for several months, 
and so far have performed satisfactorily. They are 
considered the first step in the program of limiting the 
flow of ground current on the 220-kv. system, and no 
doubt will be used further as other transformer banks 
are installed. 

Fifth, by means of momentarily decreasing the out- 
put of the generators at the sending end of a long trans- 
mission line at the time of a fault, it appears that the 
tendency for the generators to get out of step with the 
load at the receiving end could be decreased con- 
siderably as the result of reducing the load which is 
being transmitted. A device which will be actuated by 
ground current and which will operate upon the gover- 
nors of the water wheels at the generating plants is 
under consideration. Generators at the steam plant 
adjacent to the receiving end should be able to pick up 
momentarily the greater portion of the load which is 
dropped, and as a result the system frequency should 
not suffer to any extent. 

Sixth, in applying transient stability calculations, the 
characteristics of the generators, synchronous conden- 
sers, transformers and lines can be determined, but there 
is little information available covering the characteris- 
tics of a mixed load of a large city. There is need for 
further knowledge concerning the stability characteris- 
tics of a load supplied by a transmission system. The 
combination of industrial and railway power, together 
with lighting and heating service, and the question as to 
how much such a load affects the power system at the 
time of a fault on the transmission line, is one which de- 
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serves considerable study, and when the information is 
available concerning it, should assist materially in 
making transmission line stability calculations. 

Seventh, it is apparent that the ground impedance of 
transmission lines at the time of faults along the line isa 
factor which must be considered carefully at the time of 
studying relays or predicting inductive interference 
phenomena, and the available knowledge concerning 
this ground impedance throughout various portions 
of the country is not sufficient. To gather more in- 
formation concerning this, a few tests have been made 
on the system of the Southern California Edison Com- 
pany, Ltd.,—the latest being made on the Lighthipe- 
La Fresa 220-kv. lines. It was found that the mea- 
sured zero phase sequence reactance per phase of the 
Lighthipe-La Fresa 220-kv. lines when considering one 
line alone amounted to 1.64 ohms per mile. This line 
was 914 miles in length. When measuring with both 
lines,—out one line and back the other, a total distance 
of 19 miles, the zero phase sequence reactance per phase 
was found to be 1.59 ohms per mile. With two lines in 
parallel, a total distance of 914 miles, it was found to be 
1.30 ohms per mile. It was found that if all three con- 
ductors of one line be used as an artificial ground wire 
for the other line, they will together carry about 50 per 
cent of the total return current. From this it appears 
that no matter how elaborate an arrangement of ground 
wires is installed, it is probable that the earth will 
carry at least one-half of the ground current at the time 
of a fault. The 2/0 HTBB overhead ground wire 
installed on the Lighthipe-La Fresa line carried from 20 
to 30 per cent of the total return current. This ground 
wire current was not uniform along the ground wire, but 
decreased from the source end towards the grounded 
point,—the value at the grounded point being about 70 
per cent of that at the source end. 


66-Kv. SYSTEM 

The 66-kv. network has been rearranged considerably 
during the past few years, particularly from the stand- 
point of routine operation and protection. Previous 
to about four years ago, the 220-kv. to 66-kv. transmis- 
sion receiving stations were interconnected quite closely 
on the 66-kv. side with the 66-kv. distribution stations 
looped into these connecting lines. The general prac- 
tise was to have two or more incoming 66-ky. lines to 
each substation. This resulted in a closely coupled 66- 
kv. network between the various receiving stations and 
the condition that a fault on any of the 66-kv. lines 
affected all of the 220-kv. receiving stations. The mag- 
nitude of the short-circuit. currents was increasing 
rapidly, and it was evident that some change would be 
required if we could hope to hold these fault currents 
down to a reasonable value. Reliance was placed upon 
directional power protective relays to isolate faults, but 
due to the necessity of progressive timing for selective 
operation, the possibility of quickly isolating extremely 
heavy short circuits adjacent to the 220-kv. receiving 
stations became more difficult. These receiving sta- 
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tions being the source of supply for the 66-kv. network, 
of necessity had to have the longest time setting when 
any form of protective relays embodying progressive 
time setting was used. Accordingly, in 1926 it was 
decided to begin changing the 66-kv. system from a loop 
system wherein the 66-kv. distribution stations were 
supplied from adjacent receiving stations, to a radial 
system wherein each of the 66-kv. distribution stations 
was to be supplied by two or more 66-kv. lines radiating 
from one of the receiving stations. Furthermore, every 
effort was to be made to limit the phase-to-phase or 
phase-to-ground 66-kv. short-circuit current to approxi- 
mately 1,000,000 kv-a. with an occasional exceptional 
upper limit of 1,500,000 kv-a. 

With the radial scheme of operation where two 
or more lines radiated from the major receiving 
station to a 66-kv. distribution station, it was no 
longer necessary to rely upon power directional 
relays progressively timed, so advantage was taken of 
the characteristics of current balanced relays wherein 
the currents in corresponding phases of two or more 
lines were balanced against each other. This per- 
mitted a more prompt clearing of 66-kv. faults with 
a consequent improvement in system operation. 
This changing of the transmission system has been going 
on steadily since 1926, and at present is fairly complete 
in the central portion of the 66-kv. 50-cycle system. 
Reference to Fig. 2 will show the system at present, and 
it will be noted that out of Eagle Rock, Laguna Bell, 
Lighthipe, Long Beach No. 2, and La Fresa substations 
pairs of radiating lines are quite general. In a number 
of cases the 66-kv. substations can be supplied from two 
of the major receiving stations, and at these sectionaliz- 
ing points one set of oil circuit breakers is opened or the 
bus is split so that under normal operating conditions 
the station is supplied from only one receiving station. 
This change in transmission line connections and in the 
method of operating the 66-kv. network has resulted ina 
marked improvement in service and a decided limita- 
tion of a 66-ky. disturbance to a comparatively small 
area. The decrease in the short-circuit current and 
particularly the increased speed of clearing short cir- 
cuits due to the use of current balance relays has re- 
sulted in a marked decrease in the tendency towards 
system instability at the time of 66-kv. faults. As an 
adjunct to the current balanced relays, current bal- 
anced residual or ground relays are installed when nec- 
essary, and provision is made to maintain protection 
by means of over-current or power directional phase or 
residual relays for single-line protection. 

16-Kyv. AND 11-Kv. SYSTEMS 

Heretofore the usual method of providing for supply 
to 16-ky. or 11-kv. substations was by means of a sepa- 
rate feeder or a tap off of a feeder radiating from a 66-kv. 
substation. During the past two years steps have been 
taken to provide two or more sources of supply to these 
lower voltage substations, using either a scheme of loop 
operation between two 66-kv. substations, or the pre- 
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ferred and emergency supply method of operation. 
Recent analysis of the status of these lower voltage 
substations supplied from the major 66-kv. stations 
shows that at present there are thirty-five distribution 
substations now being operated on the loop system, of 
which twenty-four stations are operated on the 16-kv. 
system and eleven on the 11-kv. system. The maxi- 
mum transformer installation is 12,000-kv-a. and the 
minimum is 750 kv-a., and the total transformer 
capacity aggregates 139,150 kv-a. There are ten 
distribution substations now supplied by the preferred 
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adjacent to major receiving stations 


and emergency operation scheme. The maximum 
installation has a capacity of 3,000 kv-a. and the 
minimum 750 ky-a., and the total capacity of these sub- 
stations amounts to 18,750 kv-a. 

An analysis of the cases of trouble experienced on 
lines supplying the stations operating on the low-voltage 
loop connections shows that during the first six months 
of 1980, 38 cases of trouble were experienced, and 31 
out of the 38 cases were cleared correctly.’ In analyzing 
the seven cases which did not operate correctly, it was 
found that two were caused by mechancial trouble with 
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the oil circuit breakers, two by incorrect relay wiring, 
one by insufficient ground current, one by the direct 
current trip circuit being de-energized, and one un- 
known. The above record shows that there is some 
room for improvement, but the results were so much 
more satisfactory than what would have been experi- 
enced had the substations been supplied from a single 
radial line as had been the practise in the past, that it is 
felt that loop operation of low-voltage distribution sub- 
stations is successful and should prove a very prominent 
factor in minimizing service interruptions. 

An analysis of the experience with the preferred and 
emergency scheme of operation shows that during the 
first six months of 1930 there have been five cases where 
the supply had to be changed over, and the only case of 
trouble experienced so far has been due to a minor 
mechanical adjustment causing one of the stations to fail 
to function properly. The mechanism of the preferred 
and emergency service scheme is so adjusted that the 
station supply is interrupted for such a short time that 
the interruption is not noticeable, for tests show that 
the time required to change from a deenergized line 
or the line in trouble, to the energized or emergency 
line, is approximately 18 cycles on a 50-cycle system. 
This small interval of interruption is barely enough to 
cause a perceptible voltage dip. 


OPERATING EXPERIENCE 
Careful records of the performance of protective 


relays and automatic oil circuit breakers have been kept 
for the past several years. Table IV is a tabulation of 


TABLE IV 
OPERATION OF PROTECTIVE EQUIPMENT 
220 Kv. to 11 Kv. Inclusive 


Year 


1925 | 1926 | 1927 | 1928 | 1929 


GASEE OL CLOUDIC.: ouicccce. ss eee se 1493 | 2185 | 1799 | 1415 | 1303 


Automatic switch operations........ 2368 | 3231 | 2831 | 2085 | 1923 
Unnecessary switch operations...... 278 316 287 151 70 
Failure of switches to operate....... 50 47 48 25 33 


the experience through 1929. It will be noted that the 
‘trend is towards fewer cases of trouble and conse- 
quently, in general, fewer automatic switch operations. 
There has been a decided decrease in the unnecessary 
switch operations which shows the result of wider ap- 
plication of protective relays together with more knowl- 
edge of their characteristics and limitations. Intensive 
studies of the magnitude and distribution of phase-to- 
phase and phase-to-ground short circuit currents have 
been of immense value in determining proper relay 
settings for various types and locations of faults. 
The decrease in “failure of switches to operate” has not 
been so marked. These failures are in general the 
result of some form of trouble on the tripping side of the 
protective relays. A tripping coil may become defec- 
tive, an auxiliary switch in the tripping circuit may not 
be making proper contact, mechanical faults may de- 
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velop in the oil circuit breaker operating mechanism, 
or the control wiring may be defective. A program of 
inspection, testing and careful maintenance of the oil 
circuit breakers, protective relays, and tripping circuits 
is the only means of lessening these “failures to 
operate.” 


PROTECTIVE EQUIPMENT—GENERAL 


In addition to protective relays and automatic oil 
circuit breakers there is certain allied protective equip- 
ment which must be considered as part of the necessary 
apparatus to provide against abnormal conditions. 
Current limiting reactors, lightning arresters, ground 
detectors, and grounding banks fall in this class. 
Table V shows the amount of protective equipment in 
service from year to year since 1925. It will be noted 
that the amount of equipment in service has, in general, 
increased steadily each year. Thisis to be expected as 


TABLE V 
PROTECTIVE EQUIPMENT IN SERVICE 
Year 

1925 1926 1927 1928 | 1929 
IPPObLCCEL Ve TOlAY Sine e «sas eras ioenraison 3562 | 6631 | 7600 | 7844 | 9180 
Automatic oil circuit breakers...... 1961 | 2129 | 2464 | 2707 | 3043 
Lightning arresterst<sraecneh cm oe 592 685 | 1054 | 1243 | 1268 
Current limiting reactors........... 63 68 84 112 155 
Feeder ground detectors........... 89 88 94 87 77 
Feeder grounding banks............ ai sie oe is 9 


it is consistent with the growth of the system. The 
exception is in the case of the number of feeder ground 
detectors and is the result of changing the transformer 
connections from isolated delta to grounded Y for the 
feeder supply in a number of the distribution sub- 
stations. With grounded Y supply there is not the 
necessity for ground detectors as in the case with the 
other form of connection. 


REMOTE ALARMS 


In unattended distribution substations located in 
rural districts a marked improvement in decreasing the 
length of a feeder interruption has been accomplished 
by installing remote alarms to the nearest attended sub- 
station. Where available, the existing private tele- 
phone lines between the attended and unattended 
stations are used to transmit the signal. Auxiliary 
switches on the feeder oil circuit breakers in the unat- 
tended substation are connected so that the opening of 
the oil circuit breaker closes the contact from the two 
telephone wires to ground, thence over the telephone wires 
to a source of low-voltage direct current and a relay with 
a bell alarm located in the attended substation. After 
this signal is received the station attendant can con- 
nect with the district headquarters and a trouble man is 
sent out to determine the cause of the interruption. 

In a number of cases the unattended substations do 
not have telephone connections. To obtain an alarm 
without the necessity of building telephone lines it 
was decided to take advantage of another application of 
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vacuum tubes and to install carrier current alarm equip- 
ment. Recently orders have been placed for seven 
transmitters, five single and one double receivers. In 
general the alarm scheme is the same as the one utilizing 
telephone wires. There will be installed at each un- 
attended substation a carrier current transmitter which 
will operate from the auxiliary switches on the oil cir- 
cuit breakers. A receiver to receive the signal and 
operate the alarm will be installed in the attended 
station. 


CONCLUSIONS 

(a) In the interest of assuring a more reliable per- 
formance of the protective relays on the 220-kv. trans- 
mission system under conditions of testing and over- 
hauling the protective equipment as well as during 
normal operating conditions, duplicate sets of relays 
are installed. This permits the protection to be re- 
tained at all times. 

(b) The use of carrier current pilot protection on 
one section of the Vincent 220-kv. transmission line has 
been satisfactory and has shown the value of this form 
of protection under conditions which would not permit 
the use of other forms of protective relays. 

(c) The use of current balanced relays and radial 
lines between the 220-kv. major receiving stations and 
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the 66-kv, distribution stations has been an improve- 
ment over the previous practise of looping through the 
66-kv. stations between adjacent 220-kv. stations. 
The elimination of the necessity of depending upon 
power directional relays progressively timed has speeded 
up the time required to clear faults. 

(d) The practise of looping 16-kv. and 11-kv. dis- 
tribution stations between adjacent 66-kv. stations in 
place of the previous practise of using single radial lines 
has resulted in a marked improvement in service. 

(e) The use of a remote alarm between unattended 
and attended stations to indicate when an oil circuit 
breaker trips out at the unattended stations has les- 
sened the time of outage considerably in rural districts. 
Private telephone lines or carrier current equipment 
coupled to the transmission lines permits the installa- 
tion of this remote alarm at a reasonable expenditure. 
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Synopsis.—This paper gives a general description of the 
Southern California Edison Company’s communication system 
which not only meets the requirements of load dispatching but also 
serves to bring about close cooperation between the outlying district 
forces and their directing heads at division headquarters and in 
the general office. Decentralized dispatching which makes possible 
the restoration of service after an interruption without the immediate 
need for communication is touched upon. The detail of the de- 
velopment and construction by the Company of the ‘‘Serjdetour’’ 
arrester 1s made public for the first time. This piece of equipment 
has made possible a protective system which not only prevents 
damage to valuable communication equipment in stations for the 


INTRODUCTION 


N general the communication system of a power 
company is not given the consideration it deserves; 
in fact, its existence is usually through necessity 

alone. In the case of a power company operating a 
transmission system covering hundreds of miles and 
extending to hydroelectric plants located in sections 
remote from population centers, it is very unlikely 
that commercial communication facilities will be avail- 
able, and therefore the power company builds telephone 
lines to the points where service is needed. The ten- 
dency has been to construct these lines as cheaply as 
possible. 

In most cases the lines are built jointly with power 
transmission lines where they are exposed to inductive 
interference to a maximum degree. Although com- 
mercial communication lines are constructed with as 
great separation from power circuits as practicable they 
are coordinated to minimize any interference, while 
power company communication lines with their maxi- 
mum exposure to inductive interference are often given 
little attention in this regard. Realizing that such a 
communication system could not provide high grade 
service and that but a relatively small additional ex- 
penditure for proper construction and coordination 
would greatly enhance the value of the system, the 
Southern California Edison Company, in 1919, started 
toward this end by transposing the old 50,000-volt 
Borel line and the associated telephone circuit, which 
made it possible to carry on a satisfactory telephone 
conversation over the entire length of a line which 
previously could be used with difficulty only by relaying 
through an intermediate operator. This improvement 
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extreme case of actual contact between telephone lines and power 
lines but also preserves continuity of communication service after 
power system disturbances which create surges of considerable 
magnitude on inductively exposed telephone lines. A brief out- 
line is presented of the standardized assemblies of telephone equip- 
ment into units which are adaptable to wide variations in requtre- 
ments by the use of different combinations and quantities of standard 
units. The communication building where the telephone system 
centers is described, together with the methods of handling traffic 
through this point. A brief description of the testing equipmens 
for initial tests on new lines and maintenance of existing facilitiet 
is given together with test results on a typical line 279 miles long. 


was made necessary by the volume of traffic which had 
to be handled over the line in connection with the 
construction of the Kern River No. 3 power-house. 
As an outgrowth of the success in this first effort to 
improve the quality of communication, many very good — 
lines, primarily for dispatching purposes, resulted in 
the following years. With this improvement an in- 
sistent demand was created for more telephone connec- 
tions for various other. services such as district offices, 
stores, etc., so that they might be used for company 
business when not required for operating routine. 

It may be possible to operate the power system 
without an extensive communication system, but the 
continually growing complications of the power network 
and the progressive steps of other branches of the power 
company organization require closer cooperation be- 
tween the branches, and this is accomplished through 
the medium of efficient telephone communication. 

From such beginning the communication system of 
the Southern California Edison Company has grown 
until now it renders complete telephone service to all 
departments within the company, serving an area of 
55,000 square miles through three 100-unit private 
automatic exchanges, a modern three-position tollboard 
and three outlying exchange centers. It involves 6,000 
circuit miles of toll line, 400 circuit miles of cable and 
1,400 telephones representing a capital investment of 
over two and one-half million dollars in communication 
plant. Fig. 1 illustrates the extent of the communica- 
tion lines in conjunction with the power network. 

While it is necessary for many reasons that the South- 
ern California Edison Company provide its own com- 
munication facilities, it also makes use of the commercial 
facilities to supplement its own wherever they are 
available. Commercial telephones are located in 
many substations and in all district offices and stores 
so that in effect an independent duplicate telephone 
system is available for emergency use by long distance 
calls to many strategic points on the system. 
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DECENTRALIZED DISPATCHING 


The first and most important function of the Southern 
California Edison Company’s communication system 
is to provide direct connections between the supervisory 
dispatching center at Alhambra and the sub-dispatchers 
located at important switching centers; and of nearly 
equal importance is the necessity of a like service from 
the switching centers to the stations whose operation 
they direct.1 Under the decentralized dispatching 
system now in use by this company, switching centers 
are located at the major distributing points which are 
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authorized to maintain service on all lines to stations 
within their jurisdiction. Eighty per cent of all the 
outlying stations are provided with one or more power 
lines radiating directly from the switching center, so 
that in the event of an interruption, service can be 
restored by the switching center without the need of 
communication. The remaining twenty per cent of 
the stations must be supplied with power from the 
switching center through an intermediate station and 
direct communication with outlying stations is often 


1. Decentralized Dispatching, by H. W. Tice, Electrical 
West, Vol. 63, No. 6, December 29, 1929. 
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required to reestablish service. However, it is also 
desirable that communication be available to all 
stations after an interruption so that the system may 
be promptly restored to normal operating condition. 


PROTECTION 


The status of wire telephone facilities as to service- 
ability immediately after power system trouble depends 
on the design and proper operation of the telephone 
protective equipment. Since commercial communica- 
tion facilities are generally separated from power systems 
by as much distance as is practicable, they have not 
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1—Maprs SHowine THE Masor TrRANSMISION NETWORK AND THE IMPORTANT COMMUNICATION CIRCUITS 


felt the need of high current capacity protective equip- 
ment, and hence this has not been obtainable from the 
manufacturers of telephone supplies. The chief re- 
quirements of protective apparatus for power system 
telephone lines are: first, that this equipment shall not 
be blown to pieces by the discharge resulting from 
direct contact between a telephone line and power line, 
and second, that it shall be capable of carrying the 
currents occasioned by induced surges arising from 
power system troubles without becoming internally 
short-circuited. As these requirements are not met 
by any commercially available protective gaps, it was 
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necessary to develop a device to fill the need. After a 
great deal of experimentation there resulted a device 
which has been named the “serjdetour.” 


The serjdetour is capable of sustaining the discharge 
occasioned by contact between a telephone line and 
power line with no damage other than the welding 
together of the electrodes. When this occurs, it is 
only necessary to loosen four screws, remove the pitted 
electrodes, and substitute new ones. The device is 
then ready for service again. The pitted electrodes 
can readily be resurfaced in the shop. 


While direct contacts between telephone and power 
lines occur occasionally the great majority of dis- 
turbances consist simply of induced voltages to ground 
or between wires due to exposure to power circuits 
under fault conditions. The discharge currents result- 
ing from such induced voltages are much more moderate 
in value than those resulting from direct crosses, and 
the serjdetour is capable of handling these without 
becoming internally short-circuited. 


This is an extremely valuable attribute, as it means 
continuity of communication service despite power 
system troubles. It has been determined by experi- 
ments that the current in our telephone lines during a 
power system fault will seldom exceed 25 amperes; so 
in many installations 25-ampere fuses are placed in the 
line. Then for the great majority of disturbances the 
fuses will not be affected. The serjdetour will carry 
the discharge for the duration of the power system 
trouble without becoming short-circuited. In the few 
cases where the current exceeds 25 amperes the fuses 
will blow before there is any danger of the serjdetour 
gap becoming short-circuited except in the case of a 
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Showing the Pyrex spacing ring, the silver tipped copper electrode, and the 
electrode mounted in its heat, absorbing block 


direct cross, where it would not be reasonable to expect 
the gap to remain open. There is ample margin of 
safety here, as a serjdetour set to break down at 1,700 
volts to ground will carry 50 amperes for several 
minutes without becoming short-circuited. If set to 
break down at 600 volts it will carry 20 amperes for 
a like time. 

The construction of the Serjdetour is extremely 
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simple. In its most commonly used form each unit 
consists of a group of three gaps, designed to be con- 
nected from each wire to ground and between wires, 
respectively. Each gap consists of a pair of cylindrical 
copper electrodes clamped in three-inch steel cubes. 
(See Fig. 2). The faces of these cubes are machined, 
and are held parallel by a Pyrex ring separator. This 
brings the faces of the electrodes into perfect parallelism, 


Fig. 3—Cast Sinver EvectropE SHowine Rapist CiEAv- 
AGE Lines CausED BY Hrat AND BEADS FORMED BY THE CON- 
CENTRATION OF THE ARC ON THE EDGES OF THESE LINES 


and the spacing between them is readily adjustable. 
The electrodes are tipped with pure rolled silver one- 
quarter inch thick, so that it is the silver which actually 
forms the arcing surfaces. The silver faces are machined 
with the greatest care to be perfectly flat, except foraslight 
beveling at the edges. They are given a mirror-like 
polish by the use of rouge. The success of the arrester 
action depends on the perfect parallelism of the faces 
and the smoothness of their surfaces. When these 
conditions are fulfilled the are spreads uniformly over 
the entire surface of each electrode face, and so has no 
tendency to concentrate at one place and build up a 
projection. It is also essential that the silver faces be 
backed by the large copper electrodes and the massive 
metal blocks, as this insures that the heat is conducted 
away from the surface and absorbed in the blocks, thus 
avoiding undue melting of the silver. 

The selection of polished rolled silver of great purity 
for the faces of the electrodes was the result of exhaus- 
tive experimentation and some study of metallurgy. 
Copper, zinc, tungsten, platinum, gold-silver alloy, 
hardy metal, and many other materials were tried. 
It was found that pits and beads were formed on 
the surfaces of electrode tips of these materials 
when subjected to an are of 25 amperes. As the-gap 
necessary for the required protective action is only 0.016 
in., it was easily short-circuited by these beads. Of 
all the materials studied, the Hardy metal appeared to 
be much the best until tests were made on cast silver 
bearing a government stamp “.99997 Fine.” This 
proved to be much superior in performance, although it 
did show a tendency to short-circuit under very heavy 
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currents. Microscopic investigation showed that the 
crystalline structure of the cast silver was such that 
under extreme heat radial cleavage lines were formed 
in the electrode faces. Minute cracks opened and 
presented sharp edges along which the are concen- 
trated, resulting in the melting of the silver and the 
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Fie. 


formation of beads. (Fig. 3). The substitution. of 
rolled silver for cast eliminated this difficulty and gave 
a much improved performance. (Fig. 4). Further 
refinements were the polishing of the surfaces and the 
beveling of the edges, in order to avoid the slightest 
tendency of the are to concentrate at any point. 

The purity of the silver is a prime factor in the success 
of the serjdetour. Under the action of an arc, impuri- 
ties seem to “boil up,”’ causing projections which short- 
circuit the gap. 
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Fie. 5—Typicat TELEPHONE CrrRcuIT FOR A SUBSTATION 
AT AN INTERMEDIATE PoINT ON AN ImMpoRTANT DISPATCHING 
LINE 


The serjdetour is, of course, not in itself a complete 
protective measure, but is the foundation unit upon 
which the protection system is built. The duty which 
this unit must perform is illustrated by consideration of 
Fig. 5, showing a typical telephone circuit for a sub- 
station at an intermediate point on an important dis- 
patching line. For convenience in sectionalizing for 
test from a central wire chief’s office, the line is looped 
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through the switching panel in the station instead of 
merely being tapped. Continuity of service is a prime 
requisite; therefore no small fuses or protective gaps are 


‘inserted between the terminal pole and the switching 


panel. The serjdetour and its associated 25-ampere, 
25,000-volt are-quenching fuses are mounted on the 


6—SouTHERN CALIFORNIA EpIson CoMpANy’s Kry Type 
Switcu 


Fia. 
Arranged for selecting either of two sets of fuses 


terminal pole. The telephone instrument is insulated 
for potential from line to ground of 25,000 volts by 
the insulating transformer installed between the line 


Fig. 7—SovurHEerRN CALiIroRNIA EpIsoN Company’s 
SERJDETOUR PROTECTIVE UNIT 


For use on exposed telephone lines 


switching panel and the telephone panel. It is also 


‘protected from destructive between-wire voltage by 


duplicate sets of one ampere fuses and gaps, either set 
being selected by the fuse changing switch on the 
telephone panel. 

Since the switches on the line switching panel are at 
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line potential, protection of the operator requires that 
live parts be covered and that operation of the switches 
be through a handle of ample insulating value. The 
switches Fig. 6, are double-pole, double-throw key type, 
and are operated by a long bakelite handle extending 
through the metal cover enclosing the entire grounded 
metal panel upon which they are mounted. The silver 
contacts have a wiping action to insure low resistance 
connections necessary to maintain balance, which is of 
great importance, in lines exposed to inductive inter- 
ference. The lead-in cable from the terminal pole feeds 
through the back of the panel so that no part above 
ground potential is exposed. 

The equipment on the line switching panel and the 
rubber insulated lead covered lead-in cable will 
withstand a potential of 1,700 volts to ground while 
the bells, relays and insulating transformers have 
been tested and found capable of withstanding 600 
volts between wires. Thus it is required that the 


Fig. 8—SouTHERN CaLirorNia Epison Company’s SERJ- 
DETOUR PROTECTOR FOR Usk wiTH 14-AMPERE Fuses oN UNEX- 
POSED TELEPHONE LINES 


serjdetour positively limit the voltage to ground to 
1,700 volts and the between-wire voltage to 600 volts. 
To meet these requirements the serjdetour combination 
shown in Fig. 7 has been assembled. This consists of 
two gaps set for 1,700 volts and one gap set for 600 volts. 
The unit is combined with the 25-ampere, 25,000- 
volt are-quenching fuses to form a protector unit for 
installations such as that just described. 

In case of contact between the telephone line and the 
power line the 25-ampere, 25,000-volt fuses on the line 
side of the serjdetour will open and an arc will start at 
the horn gap arrester located on an adjacent pole, thus 
eliminating any tendency for flashovers on the terminal 
pole. An independent ground for the horn gaps is used 
in places where it is impracticable to connect to the 
substation ground network; because, should a ground 
connection be common to the horn gaps and the serj- 
detour and not connected to the station ground, current 
might flow across the horn gaps, the common ground 
connection, across the serjdetour gaps and thence 
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through inside telephone equipment to the station 
ground after the fuses had opened. It is to be expected 
that the serjdetour gaps may be short-circuited in cases 
of direct contact between telephone and power lines; 
but the arrester still protects valuable inside equipment 
and the gaps may be cleared when the fuses are replaced. 

For protection of equipment connected to telephone 
lines not paralleling power lines an arrester requiring 
less pole-top hardware is shown in Fig. 8, and is used in 
conjunction with 14-ampere telephone fuses. All 
three gaps in this arrester are set for 600 volts break- 
down. The cables from the terminal poles to equip- 
ment panels in these cases may be paper insulated, as 
tests have shown that the 600-volt gap is adequate 
protection for the paper-insulated cable. 

It may be of interest to cite an actual case wherein a 
boy threw a wire in such a way-as to make contact 
between a 66,000-volt power line and a telephone line 
at a point 50 ft. from a terminal pole. No injury what- 
ever was done to the cable or to the equipment inside 
the substation. Although the discharge current to 
ground through the serjdetour before the fuses opened 
was between 3,500 and 4,000 amperes, the device was 
uninjured except for the short-circuiting of the elec- 
trodes. The replacement of these electrodes and the 
two fuses restored the station to normal so far as the 
equipment was concerned, although the No. 8 copper 
telephone line wire fused a short distance from the 
arrester terminal. 

During this same case of trouble, the fuses on the 
other end of the 15-mile telephone line were blown, but 
the serjdetour gaps were not short-circuited. Thus 
was illustrated the ability of the arrester to carry a 
current heavy enough to blow the fuses without short- 
circuiting the gaps. 

The case described above is only one of a number of 
such major contacts handled by the serjdetour, in 
which no damage was done to valuable inside equip- 
ment; in fact, there has not been a single instance where 
equipment has been damaged since the serjdetour was 
adopted and connected to proper grounds. 

It has been shown that the connections and the 
current carrying parts of the serjdetour must be of 
sufficient size to handle currents of large value. This 
idea of course, must be carried out in the entire ground 
system. ‘Terminal poles frequently have as many as 
five or six terminating lines with the associated protec- 
tive devices mounted thereon. The ground wire to 
these protectors consists of a No. 00 stranded copper 
cable. Precautions are taken to obtain the very best 
ground connection. Wherever possible, a tie is made 
with the station ground network. Connections are 
made by mechanical means rather than solder lugs. 
The horn gaps are given the same large capacity ground- 
ing treatment. 


CARRIER CURRENT 
On the 220,000-volt backbone of the system every 
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possible step must be taken to preserve continuity of 
communication. Owing to the mountainous nature of 
the country which the lines traverse, there is always 
the possibility of the telephone lines being damaged by 
sleet storms, brush fires, ete. Therefore it was con- 
sidered advisable to install a carrier current telephone 
system. This extends from the Big Creek No. 3 hydro 
plant by way of the 220,000-volt Big Creek and Vincent 
transmission lines to Gould switching station near Los 
Angeles, with a wire extension to the supervisory 
dispatcher’s office. An intermediate carrier current 
telephone station is provided at Magunden switching 
center. 

The carrier current telephone system is of the single 
frequency duplex type coupled interphase to the 
220,000-volt system by means of oil insulated tank type 
capacitors. Coupling is made to one of the buses and 
also direct to the Vincent transmission line at each 
station. This provides for clearing any bus or line for 
maintenance without interrupting communication since 
two complete carrier channels are available.2 The 
coupling to the Vincent transmission line also provides 
a carrier frequency channel for the carrier current pilot 
protective system now in use on the 96-mile section of 
line between Gould and Magunden, an intermediate 
switching station. The carrier protective system is also 
contemplated for use on the section between Magunden 
and Big Creek No. 3. While the quality of voice 
transmission on the carrier telephone has been rather 
poor due to the very unequal attenuation of carrier 
frequencies included in the side bands, it has proved its 
worth on several occasions when after storm damage to 
the wire lines it was the only means of communication 
between the dispatcher and Big Creek. Careful 
investigation conducted with the cooperation of the 
manufacturer revealed that the very irregular attenua- 
tion of carrier frequencies differing by increments as 
small as 50 cycles, was due to reflection of the carrier 
from lines connected to the 220,000-volt system south 
of Gould and north of Big Creek No. 3. In order to 
correct this condition carrier frequency traps have been 
ordered and will be installed at Gould and Big Creek 
No. 3 to isolate the carrier communication channels 
from other parts of the system. It is expected that the 
installation of these traps will not only improve the 
quality of voice transmission but will also increase the 
ratio of signal to noise and reduce the effect of line 
switching conditions on the signal level. 


STATION EQUIPMENT 


Due to the multiplicity of overhead power lines 
concentrating at substations, telephone circuits are 
completed from terminal poles to inside equipment 
panels through underground lead-covered cables. It 
has not been possible to obtain quadded cables with 
sufficient insulation for this use. Reduction of cross- 


2. Carrier Current Pilot Protection, by E. R. Stauffacher 
and F. B. Doolittle, Electrical World, March 22, 1930. 
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talk to a satisfactory minimum, in the No. 14 rubber 
insulated lead-covered cable which is used, required 
that it be balanced and spliced at frequent intervals. 
Careful testing and splicing at the time of installation 
has produced highly satisfactory phantom groups in 
runs as long as 1,500 ft. 

Four general types of station equipment fulfil the 
requirements on the Southern California Edison system. 
The choice between types is determined by the amount 
of telephone traffic to be handled at each location. 

The first and simplest type of equipment consists of a 
telephone enclosed in a weatherproof wooden box 
arranged for attachment to a pole. A switch is pro- 
vided which automatically disconnects the telephone 
from the line when the door to the box is closed. One- 
ampere fuses and a between wire gap protect the 
instrument. A container holding spare fuses is pro- 
vided. An insulating platform is attached to the pole 


Fic. 9—TyricaL INSTALLATION OF A TELEPHONE PANEL AND 


One AUXILIARY SIGNAL PANEL 


to protect the user from voltage to ground. Pole box 
installations are made at outdoor unattended substa- 
tions and at occasional pole-top switches on the lines 
from which points it is necessary for an operator to 
communicate with the switching center. 

The second type of installation (Fig. 9) consists of a 
steel panel on which is mounted a telephone and five 
enclosed dead front switches. One switch is a fuse 
changing switch, the others being wired for an additional 
line, extension telephone or signal horn as a.particular 
installation may require. A transformer insulates the 
telephone and local circuits from the incoming lines. 
One or more auxiliary signal panels equipped with bells 
and relays for horn signals may be added as required. 
Unattended substations, substations having but one 
operator who lives on the property, transmission patrol 
stations and other points using the te’ephone infre- 
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quently and having buildings available, are provided 
with such equipment. 

Installations of this class may be extended to provide 
for terminating or looping more than two lines by the 
addition of one or more four-line panels depending upon 
the number of lines to be accommodated. The talking 
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10—Typicat INSTALLATION oF A Four-LINE PANEL AND 


Fia. 
4 
Circuit DiaGRAM 


Showing one line looped through and two lines terminating 


buses on the various four-line panels are paralleled 
and extended through the insulating transformer to the 
telephone panel previously described. Where four-line 
panels are installed no auxiliary signal and relay panels 
are used, as provisions for bells and relays are made in 
the four-line panels. An example of this is shown in 
Fig. 10. 

The third general type of installation is similar to the 
second, but because of more constant use of the tele- 
phone facilities, the lines are run from the four-line 
panels to dead front switches mounted on a desk. The 
desk, designated as type C, makes use of a turret 
equipped with eight line switches, a fuse-changing 
switch and a switch which connects the operator’s 
telephone to either of two buses. A type B desk, 
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similar to type C, but accommodating fifteen lines and 
providing four buses with the necessary switches 
mounted on a sloping metal panel built into the desk, is 
also standard equipment. The insulating transformer 
connected between the telephone and any of the buses 
is mounted in the desk of either type. These desks 
fulfil the requirements of the larger substations and 
switching centers using the telephone frequently but 
not required to do much telephone line switching. 

The fourth and most elaborate standardized in- 
stallation makes use of a desk type switchboard having 
a slanting key shelf accommodating twenty-seven lines 
and providing four buses for switching and two for 
talking. Each line position is equipped with three 
standard telephone keys, a white lamp which flashes 
the code rings and a red lamp which remains lighted for 
ten seconds after the termination of a ring to assist the 
operator in locating the line when he has heard his code 
call but did not see the white light. Bells mounted in 
the back of the desk give audible signals on the magneto 
lines, and the usual night alarm buzzers are used on the 
common battery lines. Each talking bus is equipped 
with an operator’s telephone connection which includes 
an acoustic shock suppressor in the receiver circuit. 
The acoustic shock suppressor, developed by the com- 
pany, consists of a vacuum tube amplifier circuit using 
low plate voltage so that the output of the amplifier is 
limited by saturation of plate current below such value 
as would produce acoustic shock on reaching the 
receiver. 


11—Tyer A TreterpHonr Desk SHowina Krys AND 
Lamp SIGNAL ARRANGEMENT 


Fia. 


The annunciator panel to the left of the key shelf is equipped with 
30 positions, with space to the right for additional positions when required 


This desk, known as type A, Fig. 11, provides an 
annunciator panel in addition to the telephone panel. 
On this panel are mounted lamps which give indications 
of power switching operations, transformer tempera- 
tures, etc. Both panels are built in and are completely 
wired to terminals in the back of the desk, Fig. 12. 
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From the terminals on the desk all the circuits are 
carried in cable to a cross-connecting box located in 
the rear of the equipment panels from which the various 
circuits may be jumpered to magneto line panels, com- 
mon battery line panels, annunciator panels, relay 
panels, ete. 

Unit type standard designs.of equipment panels are 
available as auxiliary for this class of installation. 
They are mounted as required on steel racks which 
may be either set into a partition between two rooms 
or erected as self-supporting units, the back and sides 
of which are protected by a steel grill-work. A number 
of standard panels are listed and their purposes indi- 
cated as follows: 

1. Power panels, on which are mounted series 
lamps for ringing power, alarm equipped fuses on the 
battery supply, auxiliary relays for alarms and relays 
for grouping the audible signals for several lines on 
one bell. 

2. Auxiliary fuse panels, which are used when 
additional fused battery circuits are needed for annun- 
ciators, ete. 


12—Typr 


A Drsk SHowine Key SuHetr Raisep anp 
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3.. Magneto panels No. 1, on which are mounted 
alternating current line relays and their auxiliary 
relays for code lights and signals. 

4. Magneto panels No. 2, on which are mounted 
pendulum and slow release relays for operating the red 
holding lights. 

5. Common battery panels, are equipped with 
repeat coils, condensers and relays to accommodate five 
common battery lines to offices and cottages on the 
property. 

6. Bell panels are equipped with six bells per unit. 

7. Switch panels, which accommodate ten back- 
mounted dead front switches. 

8. Telephone panels, on which are magneto tele- 
phones for testing and emergency use. 

9. Fuse-change panels are equipped with duplicate 
sets of fuses, selected by switches, accommodating three 
lines. Three repeat coils are provided on these panels 
for connection of phantom groups. 
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10. Test jack panels are equipped with 15 pairs of 
jacks for testing and patching lines. 

11. Test jack and patch panels, which are provided 
with three strips of twenty jacks for phantom patching 
and equipment testing. 
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12. Low pass filter panels, which are equipped with 
40-cycle cut-off low pass filters for use when making 
bridge tests on lines when induced voltage to ground 
is present. 


Fia. 14—Front View SHowine tHe Unit Type EQuirepMENT 
PANELS wiTH SoME or THE Retay Covers REMOVED 


13. Miscellaneous blank panels are used to fill up 
excess space in the racks. 

A single-line wiring diagram (Fig. 18) and illustra- 
tions (Figs. 14 and 15) of a typical installation of this 
equipment are shown. It may be observed that 
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insulating transformers are provided for all the exposed 
lines, which permits their safe interconnection with 
unexposed and common battery lines. 

The flexibility permitted by assembly of these 
standard units to fit various requirements makes this 
equipment adaptable to the needs of the largest sub- 
stations and switching centers. With the substitution 
of a cordboard for the desk, to permit more cross con- 
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Fig. 15—Rear View or THE HQuiIrpMENT PANELS SHOWING 
THE Mertruop or JUMPERING FOR INTERCONNECTION OF THE 
Various.UnitTs 


necting, the same equipment is used in exchange cen- 
ters. In cordboards the code lamps and holding lamps 
are associated with their line jacks. An acoustic 
shock suppressor is provided for the operator’s protec- 
tion. All equipment other than the cord circuits and 
signals is located on the equipment panels. 


EXCHANGE CENTERS 


The communication facilities required for other than 


dispatching the immediate operation of the power 
system are provided in a manner similar to that of 
commercial toll service. The term “‘toll’’ as used here- 
after applies to service between different localities, that 
may be handled on a delay basis. For operating and 
commercial purposes, the Southern California Edison 
system is divided into six divisions and thirty-two 
districts. The communication facilities for the Eastern 
Division (Fig. 16) will be described as typical of a 
division’s requirements. The division manager and 
the division superintendents of distribution, substation 
operation and transmission, and their clerical assistants, 
are located in adjoining offices at division headquarters. 

In the outer office, where the operator may also serve 
as information girl for the division personnel, a tele- 
phone exchange board is located. Nine magneto party 
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lines radiate from this switchboard, to the district 
commercial offices, superintendents’ offices, stores, and 
substations. Ten common battery lines provide ser- 
vice to the local telephones and five toll trunks connect 
this exchange center with the main communication 
center at Alhambra. 

The reason for the high per cent of trunking is that 
some departments, such as the general store, transporta- 
tion and medical, have no division heads and require 
communication through the exchange centers to their 
individual district men. 

At commercial offices and stores several desk tele- 
phones are provided rather than a single booth because 
the circuit time saved in getting the called party 
promptly, justifies the cost of the additional instruments. 


COMMUNICATION BUILDING 


The impracticability of maintaining many overhead 
telephone circuits to the general office building in down- 
town Los Angeles, and the risk of loosing all the circuits 


‘at once should anything happen to an underground 


cable which might contain them, as well as the higher 
transmission loss in such a cable, were the factors whose 
consideration lead to locating the communication 
center and supervisory dispatcher’s office at Alhambra, 
a point accessible to the overhead lines, and some 
12 miles from the general office. To properly house 
the facilities for this purpose a modern fireproof 
structure was built and is known as the Communica- 
tion Building. The space on the ground floor of the 
building is occupied by facilities of the Communica- 
tion Department, consisting of equipment panels, 
the wire chief’s testboard, the power switchboard, 
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motor-generator sets and storage batteries, the private 
automatic exchange serving the company’s plant on 
adjacent property, as well as office space for the de- 
partment’s personnel, storage space for equipment and 
supplies, and the communication laboratory. On the 
second floor of the building are located the supervisory 
dispatcher’s office and the main toll switchboard to- 


gether with kitchenettes for the personnel of each and a 
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comfortably furnished rest room for the toll operators. 

The telephone circuits terminating at the communi- 
cation building are protected and carried in under- 
ground cables to the equipment panels just as in any 
large substation installation. From these panels they 
are distributed to the dispatchers’ desks, the toll board 
and the wire chief’s board. Many of the long lines are 
party lines and ringing on them is so frequent that it 
would be confusing to the dispatchers and toll operators 
if they received all the signals. To avoid this con- 
fusion, a selective device operated by the ringing cur- 
rent and consisting of relays and a rotary line switch 
discriminates between the code rings and brings in the 
line lamp on only the particular board desired. The 


result is that in so far as the dispatchers and operators . 


are concerned, the lines do not appear as party lines, 
their lamps lighting only when they are wanted and 
remaining on until they are answered. 

Three 25 line key-operated desk switchboards 
provide a means of establishing direct connections 
from the supervisory dispatchers to the, switching 
centers. These desks are similar to those described for 
the largest substations but have an additional feature 
which is a toll line selector. By dialing the circuit 
number on this selector, all of the lines terminating at 
the communication building are available to the dis- 
patchers. In effect each dispatcher has a 100-line 
switchboard within a very small space. 

The three-position toll switchboard provides a con- 
necting link from the intereommunicating systems 
serving the general office, general garage, and Alhambra 
properties, to the toll lines. A manual exchange handles 
the intereommunication in the present general office 
while this service is provided by private automatic 
exchanges located in the general garage and in the 
communication building, the latter serving the general 
store, shop, test and transmission departments. The 
new Edison building now under construction will be 
equipped with a four hundred line private automatic 
exchange. 

Traffic through the toll switchboard is handled in a 
manner similar to that used by the communication 
companies. A call originating from one of the inter- 
communicating lines is recorded by one of the toll 
operators who completes the call direct from the record- 
ing trunk if possible or calls back as soon as the connec- 
tion can be made. Each call is recorded on a toll ticket 
giving the time the call is placed, the time the connec- 
tion is established, the duration of the conversation and 
the trunk and circuit numbers involved. Space on the 
back of the ticket is used to record the cause of any 
delay encountered in completing the call. These data 
are used for traffic studies and sometimes to call the 
attention of employees to negligent or careless use of 
the communication facilities which, if continued, would 
result in waste of valuable circuit time. 

The wire chief’s board is located adjacent to the 
equipment panels, Fig. 17, making it convenient for the 
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wire chief to do any line switching or patching which 
may become necessary. The usual testing facilities 
consisting of a standard voltmeter and bridge, together 
with some special testing equipment, are provided on 
the two-section wire chief’s board. Since the toll board 
is operated only during working days, ten cord circuits 
and a switching arrangement to bring in line lamps on 
the wire chief’s board are provided so that the wire chief 
may maintain 24-hour toll service without the necessity 
of toll operators during periods of light traffic. All 
lines, including phantoms, are looped through in, out, 
and multiple jacks. Associated with each set of jacks 
are four lamps, being, respectively, the code lamp in- 
dicating the code signal rung, the selector lamp showing 
the operation of the selector when the dispatcher or toll 
operator is to answer, the busy lamp, and the monitor 
lamp which shows the position of the automatic monitor. 
The automatic monitor is a device which connects the 
wire chief’s head phone consecutively to each line for an 


Fig. 17—Tue Wire Cuier’s Test BoarD AND THE CoN- 
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interval of one second or three seconds. It may be 


‘stopped, started, make one complete cycle of one hun- 


dred lines, repeat, or the interval changed by the opera- 
tion of three keys. Use of this equipment permits the 
wire chief to write up trouble reports or do other clerical 
work and at the same time to subconsciously note 
anything unusual that may take place on the lines. 

The wire chief is to the communication system what 
the load dispatcher is to the power system. His first 
duty is to maintain continuity of service on important 
dispatching lines which he does by switching and patch- 
ing with less important lines whenever this is possible 
and there is trouble on a dispatching line. He is 
responsible for maintaining normal condition and 
continuity of communication channels over the entire 
system. This he does with the aid of two sub-wire 
chiefs, one being located at Big Creek and responsible 
for the communication facilities at the Big Creek power 


plants, the other being located at Vestal substation at 
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which point is located the communication center for the 
company’s system in the San Joaquin Valley. The men 
responsible for these portions of the system make a daily 
report of the status of communication plant in their 
respective territories which combined with similar 
information obtained by the wire chief himself for his 
territory together with records of the previous day’s 
troubles form a daily report to the superintendent of 
communication. In addition to these daily checks of 
all communication channels, the wire chief makes 
periodic routine tests of a quantitative nature to detect 
any deterioration affecting communication. Where 
minor routine maintenance will bring the facilities back 
to normal, it is performed under the wire chief’s direc- 
tion, otherwise it is reported to the superintendent of 
communication who receives authority from the com- 
munication committee at one of its weekly meetings to 
make an application for an expenditure to handle major 
reconstruction. The superintendent of communication 
is responsible to the manager of operation for the per- 
sonnel, operation and maintenance of the communica- 
tion system. The manager of operation is chairman of 
the communication committee which does the planning 
of future additions to the communication system. The 
requirements are based upon the wire chief’s reports 
together with traffic studies compiled from data fur- 
nished by the chief toll operator, and extensions of the 
power system. 


. LINE TESTING AND RESULTS 


When a new telephone line is constructed, it is tested 
in its entirety and in sections before it is accepted for 
operation. Any changes or corrections for improve- 
ment are made before it is put in service. A folder 
showing the route of the line, pole numbers, distance 
between poles, type of construction, size of wire and 
transposition scheme together with a report of the 
initial tests is made up at this time and filed where it is 
available to the wire chief thus providing records for 
reference in maintaining lines up to standard. 

For the purpose of making the initial tests as well as 
for use in maintaining and improving existing facilities, 
a test truck is maintained by the communication 
department. All of the instruments necessary for 
complete line testing are permanently mounted in this 
truck and are wired to convenient terminals from which 
jumpers are run to the lines. The equipment for 
properly terminating the far end of the line under test 
is mounted and permanently wired in a box of such size 
as to be portable in an ordinary passenger automobile. 

The following tabulations give the results of an over- 
all test on a four-wire telephone line between Alhambra 
and Big Creek, a distance of 279 miles. The line follows 
the general route of a 220,000-volt transmission line. It 
is constructed of No. 8 copper wire in the light loading 
sections and No. 6 copper wire in the heavy loading 
sections. It loops through three major switching 
stations and four patrol stations. 
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Insulation resistance................365 megohms per mile 


Resistance unbalance Circuit No.1... 1.3 ohms 
Resistance unbalance Circuit No.2... 0.8 ohms 
Resistance unbalance phantom....... 0.3 ohms 


Cross talk side to side.............. 220 cross talk units 
Cross talk cireuit No. 1 to phantom. . .500 cross talk units 
Cross talk cireuit No. 2 to phantom. ..800 cross talk units 
Noise, metallic cireuit No. 1.........250 noise units 


Noise, metallic cireuit No. 2...../... 150 noise units 
Noise, metallic phantom............ 150 noise units 
The transmission equivalents including equipment are: 
CT CILISIN (GO sal ane eee 15.85 decibels: 

CirenitzNior 2 eee eee. 15.88 decibels 

IPbantomi een seer cee 13.15 decibels 


This is representative of lines of this class and length, 
however other more recently constructed lines have 
better characteristics. 


CONCLUSION 


By proper attention to coordination and maintenance 
of good balance the communication lines of a power 
company may be highly satisfactory in spite of their 
severe exposure to inductive interference because of 
their proximity to high-voltage lines. Their service- 
ability immediately following power system distur- 
bances involving high induced voltages on the telephone 
lines depends upon the effectiveness of the protective 
system. The serjdetour arrester and its associated 
equipment provides a protective scheme which will 
maintain continuity of service despite power surges of 
magnitudes ordinarily encountered and will protect 
inside equipment from damage in the extreme case of 
contact between telephone lines and power lines. A 
comparatively few assemblies of equipment into 
standard units provide economical material which is 
adaptable to installations of widely varying require- 
ments and magnitudes. Original testing and mainte- 
nance of lines to the original standards by subsequent 
routine tests keep the facilities in first-class condition. 
Several years’ experience with a constantly improving 
communication system have demonstrated that good 
telephone communication promotes close cooperation 
between departments of the company to the end that 
better service may be rendered to consumers. 


Discussion 


E. L. White: While my own Company operates in the north 
near Puget Sound, and the Southern California Edison Company 
operates far south of here, I note that we have many similar 
problems. In particular, the question of adequate protection 
seems to be common. After much experimenting, the Southern 
California Company has arrived at the serjdetour, which appears 
to be more than adequate for the duty it has to perform. In our 
own case, we have modified the standard horn gap and equipped 
it with a small gap between wires, in addition to the two gaps 
already existing between the two wires and ground. Our normal 
gap setting is approximately 1/32 in. on all three gaps. Closer 
settings are inadvisable because of possible trouble from dust, 
lint, and other materials. 

R. D. Evans: An interesting feature of the paper is that 
eonecerned with the measures for protecting power-line com- 
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munication systems from induction. It may be of interest in 
this connection to describe briefly some other protective systems 
which have been in successful use. 

Supervisory control lines are subject to induction in much the 
same way as the power company telephone lines described. An 
important requirement of the protective apparatus is that of low 
maintenance on repeated. discharge of relatively high-current 
eapacity. In connection with our supervisory control lines, we 
have been using successfully a tube type of protector which is 
capable of discharging 50 amperes for two seconds repeatedly 
without injury to the electrodes and without change in charac- 
teristies for subsequent operation. 

In some applications supervisory control circuits are subjected 
to relatively high sustained fundamental frequency induction of 
the magnitude of say 1,000 volts. A particular case was solved 
by the use of drainage in connection with tube type protectors. 
This supervisory control circuit being operated with direct 
current signaling made it necessdry to introduce a resistance 
between the lines and ground in order to prevent by-passing too 
much operating current from the relay. The tube protectors, 
of course, are not operated except in the event of abnormal 
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induction as under short-circuit conditions in the neighboring 
power supply circuit. This drainage system has been in success- 
ful operation for some time and has provided a simple and prac- 
tical solution of the relatively severe induction condition on 
supervisory control circuits. 

R. B. Ashbrook and F. B. Doolittle: Referring to Mr. 
White’s discussion, it is our experience that the use of horn gaps 
alone for telephone protection is insufficient. In the case of 
direct contact between telephone circuits and high-voltage power 
lines the horn gap does not serve as a definite voltage limiting 
device but allows the voltage to rise as the are lengthens due to 
traveling upward toward the points of the horns. Consequently 
it does not protect telephone cable and inside equipment from 
damage under this condition. 

The use of horn gaps as a part of the protection scheme of the 
Southern California Edison Company is to provide a path for the 
discharge current after the 25-ampere, 25,000-volt fuses associ- 
ated with the serjdetour have opened, thus’ eliminating any 
tendency for flash-over at the fuse mountings on the terminal 
pole. The horn gaps are mounted on an adjacent pole ahead of 
the fuses. 


The Pennsylvania Railroad Electrification 
BY J. V. B. DUER! 


Fellow, A. I. E. E. 


Synopsis-—This paper covers the electrification program of the 
Pennsylvania Railroad and consists of a brief explanation 
of the reasons for the decision to embark on this electrification 
program, a review of the operating experiences leading up to 
the present designs used on the railroad, of catenary and 
transmission circuits, substation layout and types of equipment, as 


well as a description of the progressive steps of electric locomotive 
design which preceded the development of the electric locomotives to 
be used in this program, and concludes with a brief resumé of the 
points that should be given attention in applying an electrification 
to a stretch of railroad. 


N October 31, 1928, General W. W. Atterbury, 
President of the Pennsylvania Railroad, an- 
nounced:that the Board of Directors had author- 

ized a program of electrification, over a period of years, 
of ‘the entire road train service, freight and passenger, 
between New ‘York and Wilmington, Delaware, as well 
as the electrification of the grades between the Sus- 
quehanna, Schuylkill, and Delaware River Valleys, and 
the Eastern Terminal of the Railroad; a project cover- 
ing a passenger and freight service of 325 mi. of line 
and 1800 mi. of track and extending from Hell Gate 
Bridge in New York, where connection is made with 
New England, west and south to Wilmington and west 
on the main line in the direction of Harrisburg. 

The authorization of the Board of Directors to in- 
augurate this electrification work followed exhaustive 
studies of the whole industrial and transportation situa- 
tions in the eastern part of the country, including the 
terminal developments already under way or projected 
for Philadelphia and Newark. While this analysis was 
worked out in detail, on the basis of the traffic esti- 
mated for the year 1935, the probability was not lost 
sight of that by 1950, the metropolitan area around New 
York would extend to New Brunswick on the west and 
well out on Long Island on the east and contain 
30,000,000 people, and that there would be similar 
developments in other cities. 

The system adopted is such that by the simple 
addition of increased power and increased rolling 
stock, a movement of any magnitude which it is pos- 
sible to transport over the existing tracks and at a speed 
within the bounds necessary for safe operation may be 
handled as the demands of the traffic may from time to 
_time require. The immediate factors which influenced 
the decision to proceed with the electrification were as 
follows: 

1. The greater economy of electric traction as com- 
pared with steam operation in dense traffic territory. 

2. The growth of the southern passenger business. 

3. The increasing density of both freight and pas- 
senger business on our eastern lines and the probability 
that in the future more rapid movement would be 
required. 

1. Elec. Engr., Pennsylvania Railroad Co., Philadelphia, Pa. 
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4. The desirability of utilizing the advantages of 
electric traction in connection with the construction 
of the new passenger terminals at Philadelphia and 
Newark. 

5. The desirability of building a locomotive that 
would meet the requirements from the standpoint of 
weight of train, speed, and reliability which it is be- 
lieved will have to be.met in this territory in the next 
twenty years. 

6. The probability that the project could be com- 
pleted with a less total expenditure, all matters con- 
sidered, than if started at a later date. 

Of this program, the electrification of the New York 
Division, from Philadelphia to Trenton, has been com- 
pleted and electrical suburban service inaugurated; 
electrification of the Schuylkill Division from Phila- 
delphia to Norristown has been completed and elec- 
trical suburban service inaugurated; and at the present 
time electrification work is progressing from Sunny- 
side Yard and Jersey City to Manhattan Transfer 
and New Brunswick as an initial step in the operation 
of trains by single-phase locomotives from New York 
to Philadelphia, and for the operation of our suburban 
service between Jersey City and New Brunswick with 
single-phase multiple unit trains. 

The announcement of this electrification program is 
the sequel to an interesting story of operating experi- 
ence, of trial of electrical equipment, and of design 
and experimental work which started in 1905 when the 
Long Island Railroad was electrified, and which extends 
down to the present time when our electrification 
program is well under way and which covers experi- 
ments with d-c. electric locomotives and a complete 
trial of the single-phase system. 

During the course of these experiments, an especially 
equipped section of the Long Island Railroad was used 
to develop the possibilities of this system, which, while 
not used for initial operation in the New York tunnels, 
was adopted shortly thereafter for the electrification 
of the suburban lines around Broad Street, Phila- 
delphia. It has now been selected as our standard 
system for use in the electrification program upon which 
this railroad has embarked. 

To be prepared for an extensive electrification, it 
was necessary to develop single-phase passenger and 
freight electric locomotive designs, as well as multiple 
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unit car designs, and accordingly, in 1917 a constant 
speed, split-phase electric locomotive, (railroad classi- 
fication FF-1,) was designed, built and tried out in 
service. The experience with this locomotive led to 
the development of a commutator motor type locomo- 
motive (railroad classification L-5) of somewhat less 
horsepower than the constant-speed locomotive above 
referred to and having the variable-speed character- 
istics which experience seemed to teach were more 
suitable for a railroad handling a dense passenger and 
freight traffic. 


Locomotives of this design were built and placed in 
service on alternating current in the Philadelphia 
territory, and on direct current in the New York 
Terminal. They proved satisfactory and have given 
good service, and to the best of our knowledge, were 
the first electric locomotives built in this country in 
which a single design of mechanical chassis was used 
for the installation of the electrical equipment supplied 
by three different manufacturers, which parts, while 
not interchangeable with each other, produce a loco- 
motive of practically identical transportation character- 
istics and of the same mechanical design. 


Fic. 1—Fovur Driving AxLE GENERAL UtTiniry LocomoTivEe 


Railroad Classification L-5 


In these locomotives, by change of gears, it is 
possible to have either a passenger locomotive for high 
speed or a freight locomotive for high tractive effort, 
and by change of type of control with which they 
are equipped, it is still further possible to utilize them 
on 600-volt d-c. circuits, or on 11,000-volt a-e. circuits. 
In other words, by minor modifications in construction, 
they were designed as a general utility locomotive for 
use either in passenger or freight service on alternating 
or direct current. 

The study of electric locomotive design has been 
continuously directed toward the production of a 
simpler, more easily maintained, and more reliable 
locomotive. Shortly after the L-5 locomotive was 
built and placed in service, developments in the design 
of single-phase motors indicated that a still sim- 
pler and sturdier locomotive could be produced. .The 
progress in single-phase motor design has made 
possible motors of sufficient capacity to handle weights 
on drivers permitted on the railroad which could be 
placed between the driving wheels of the locomotive, 
thus eliminating the necessity for jack shafts and side 
rods. 
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It was thought desirable to design some locomotives 
having these general characteristics and, accordingly, 
the construction of ten passenger and two freight 
locomotives was authorized. These locomotives are 
of three types: 

1.. A two driving axle passenger locomotive having a 


four-wheel truck on either end (Railroad classification 
O-1). 


Fie. 2—Two Drivine AxLtE PAassENGER LOCOMOTIVE 


Railroad Classification O-1 


2. A three driving axle passenger locomotive having 
a four-wheel truck on either end (Railroad classification 
P-5). 

3. A four driving axle freight locomotive having a 
two-wheel truck on either end (Railroad classification 
L-6). 

The passenger locomotives have twin motors of 1,060 
hp. each, mounted above each driving axle and driv- 
ing the wheels with gears and pinions through the 
medium of the well-known link type drive. The freight 
locomotive has axle mounted motors of 530 hp. each, 
driving the wheels through gears and pinions of the 
same general type of construction as in a street car. 

The motors of all the locomotives are identical, the 


Hire: 


3—Main Line CaTENnaRyY AND TRANSMISSION LINE 
CONSTRUCTION 


On the Philadelphia Terminal Division between Philadelphia and Paoli 


twin motors for the passenger engines being made up of 
two of the motors of the freight engines. All of the 
locomotives have roller bearings throughout—in the 
trucks, in the driving axle journals, and in the motor 
armature bearings,—the only plain bearings being 
those on axle to support the motors of the freight 
engine, and the quill bearings which support the 
quill in the frame of the twin motors on the passen- 
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ger engines. The electrical apparatus on the locomo- 
tives is interchangeable to a very great extent, the 
auxiliaries and contactors are identical, and the trans- 
formers of the same design though of different 
capacities. 
until some further advance either in the art or in 
operating experience indicates further improvement 
in their design. 


Fie. 4—Main Line CateNnary AND TRANSMISSION LINE 


CONSTRUCTION 
On the New York Division between Trenton and Philadelphia 


It might be interesting to note that locomotives of the 
L-5 and O-1 types were placed on the Locomotive Test 
Plant at Altoona and were given a thorough period of 
test to develop the complete operating characteristics 
before being put into the service. ‘Two of the O-1 type 
have been completed and placed in service. 

While the design and operating experience were in 
progress on the locomotives, the railroad was active also 
in developmental work in connection with the circuits 
for supplying the trains with current. 

The initial installation in 1914 provided for 44,000- 
volt transmission circuits, indoor substations and oil 
circuit breaker equipment of relatively slow speed. A 
large part of the overhead catenary construction was of 
steel and was subject to frequent painting to keep it in 
condition for service. A brief summary of what has 
been done to make this layout of substations, trans- 
mission lines, and catenary construction, more adaptable 
to railroad operation, as well as to reduce maintenance 
costs, is as follows: 

On the more recent electrifications, 132,000-volt trans- 
mission is used instead of 44,000, thus providing 
capacity for the transmission of current from one end of 
a division to another and insuring against shut down 
due to the loss of any one source of energy. 

Substations are now designed as outdoor stations, 
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thus eliminating the major portion of the building with 
its attendant first cost and cost of maintenance. 

Automatic circuit breakers are not used on the 132- 
kv. circuits, except at junction points where the circuits 
of one division must, under certain conditions, be 
automatically separated from those of another. 

The trolley circuit breakers on the original installa- 
tions operated in 12 cycles, including the relay action, 
and ruptured 30,000 amperes successfully. Themodern 
trolley breakers, however, must operate in one cycle, 
including the relay action, and rupture 50,000 amperes. 
One of the electric companies developed an air-break 
trolley circuit breaker not requiring the use of oil 
and capable of rupturing currents of the same magni- 
tude and in the same time as the latest oil trolley 
circuit breakers. We have purchased and installed 
many of these air breakers and they are giving success- 
ful service. 

Experience with overhead catenary construction led 
us to believe that continuity of service secured by the 
use of non-corrosive materials was of sufficient value in 
operating reliability to warrant the use of these ma- 
terials and, accordingly, all of our catenary construction, 
except parts of material bulk, is of bronze or copper and 
such bulky pieces are galvanized malleable castings. 
By this means, painting and other maintenance atten- 
tion to the overhead catenary system is reduced to a 
minimum and the continuity of use of track is raised toa 
maximum, this being of prime importance on a busy 
railroad. 

There has been installed and is being tried out, a 
length of track with the overhead catenary riveted 


Fig. 5—Marn Line 44-Kv. Suspstation at Bryn Mawr 


Capacity four 2000 ky-a. transformers and necessary switching 
equipment 


instead of bolted together as in the past. This con- 
struction gives every evidence of being successful and 
if this is the case, it will even further materially reduce — 
the amount of attention which the overhead catenary 
system will require and still further increase the utility 
of the track beneath it. 
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A new type of rail bond similar to the well-known 
signal bonds,—that is, a stranded cable welded or com- 
pressed at its ends into plug terminals driven into 
the rail by a hammer,—has been developed and is 
used on the Trenton and Norristown electrifications. 
The use of this bond reduces the initial cost of bonding 
materially and will, it is believed, reduce bonding main- 
tenance to a minimum. 

In conclusion, it may be interesting to indicate some 
of the questions involved in the actual application of 
electrification to a railroad after these various points 
have been considered. 

First, an adequate and economical source of power 
supply must be provided either by providing for the 
purchase of current, or by designing and building a 
railroad power plant. This question may be settled 
largely on economic grounds, as railroad electrifica- 
tions are now being operated successfully by power 
supplied from plants designed and built by the 
railroad companies and that purchased from electric 
companies. 


Fia. 


6—Main Line 132-Ky. Suspsration at EpGELY 


Capacity four 4500-kv-a. transformers and necessary switching 
equipment 


Next, it is important to review the real estate situa- 

tion along the section of railroad to be electrified, 
so that proper provision may be made for pole location, 
overhanging wires, and other questions of this character 
which may affect the placing of supporting structures 
and transmission circuits along the railroad right-of- 
way. 
Substations are important and sometimes difficult to 
locate. They must not only be properly placed from 
the standpoint of voltage regulation, but must also be 
near a tower so that the apparatus in them may be 
readily controlled, and at a place where real estate is 
available or procurable. 

A properly systematized working schedule should be 
prepared showing the beginning and completion of all 
designs and the dates for placing orders for material 
and for completion of the work. Items of work which 
should be completed before the electrification is started, 
such as the placing of communication circuits and 
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signal power lines underground where this is nec- 
essary must be cared for. If this is not necessary, a 
careful check should be made to see that the poles on 
which these wires are supported do not interfere with 
the poles on which the electrification wires are supported 
and before electrification is started such changes must be 
made as are necessary to remove physical or electrical 
interference between them. 


Provision of adequate overhead clearance of the 
trolley wire circuits must be carefully considered and 
changes made involving the lowering of tracks under 
highway bridges, or the raising of the bridges, as well as 
lowering of tracks in tunnels, or at other points where 
close clearances exist, in order to make room for the 
trolley wire. 


Wires of other ownership crossing the railroad must be 
considered and the railroad wires erected at such eleva- 
tions as to interfere to the least extent with these 
others, or changes made in such crossing wires as may be 
necessary to clear the railroad circuits. 


The signals along the right-of-way must be carefully 
checked, that their location may coincide with the pole 
locations for the catenary construction and the changes 
in these locations confined to a minimum. 


The character of signal circuits must also be checked 
and if necessary changed to properly coordinate them 
with the traction circuits. 


After this preliminary work has been done, the pole 
foundations may be laid out, the poles designed and 
purchased, the substation sites prepared and the sub- 
station equipment purchased, arranging the dates of 
delivery of equipment and material in such a way as to 
meet as nearly as possible the actual erection sched- 
ule, thus holding unnecessary interest charges to a 
minimum. 


In this connection, the great advantage of stand- 
ardizing designs should be pointed out. As an 


‘example, if pole spacings can be kept standard, the 


poles themselves may be standardized, the number of 
sizes and length of pole reduced to a minimum, the 
number of sets of catenary hangers also reduced to a 
minimum and the ease of production and erection ma- 
terially assisted. 

By standardizing pole spacings in terms of catenary 
hanger spacings, as well as by other means, it has 
been possible in our electrification work to reduce 
the number of types of poles used for a given section 
of track, say of 50 mi., from 150 different types of 
poles to 15 different types, and from several hundred 
different sets of catenary hanger lengths to two sets 
for tangent track and two sets for track of each radius 
of curvature used. 

In addition to the actual application of the electrical 
circuits and substations to the railroad, the necessary 
multiple unit cars and locomotives must be purchased 
upon a schedule which will meet the completion dates 
of the electrification with as little overlap as possible 
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and yet with sufficient overlap for safety, again re- 
ducing idle investment to a minimum. 

This is a necessarily brief description of the electrifica- 
tion program of the Pennsylvania Railroad and the 
preparation which led up to it, but the work done 
will show results with the inauguration of the through 
electrification and will result it is believed in a service 
of maximum economy and reliability, with comfort to 
the traveling public. 


Discussion 


S. Withington: One of the outstanding thoughts which arises 
in the minds of the readers of Mr. Duer’s paper is the large 
amount of experimental and development work which the 
Pennsylvania Railroad has accomplished. The magnitude of 
the installation, by far the most extensive in this country, has 
justified a great. deal. of experimentation, and railroads electrify- 
ing in the future will obtain much benefit from the investigations 
carried on by the Pennsylvania engineers. It is of especial 
interest to note that with its broad background of. experience 
the Railroad’s choice should have been the single-phase system 
of distribution and utilization of power. 


One of the outstanding efforts of the Pennsylvania engineers 
has been the standardization of electric locomotives. This 
should result in a very considerable saving of expense on account 
of quantity production, and this saving will be more im- 
portant as other railroads take advantage of the development, 
and standardization becomes more general. The economies in 
quantity production of electric locomotives in many respects 
are quite analogous to those so thoroughly demonstrated in the 
automobile industry. 


With respect to Mr. Duer’s references to substation design, a 
glance at the illustration indicates the importance which the 
Pennsylvania engineers attach to a generous allowance of space 
about oil circuit breakers, transformers and buses. Such 
spacing undoubtedly brings about maximum reliability and 
tends to localize any failures which may oceur. If the sub- 
stations can be located where land is relatively inexpensive, the 
logie of this arrangement is especially obvious. 


Mr. Duer suggests that substations should be located near a 
signal tower so that the circuit breakers may be readily con- 
trolled. On account of the growing practicability of remote- 
control facilities this is not now as important as it was formerly, 
but it is of primary importance to locate the trolley wire section- 
alizing points and circuit breakers where there are crossovers 
between tracks so that in the event of abnormal conditions, 
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trains may be crossed from one track to another to run by the 
sections where there may be trouble. 

Regarding the use of non-corrosive materials, this is a notable 
development of electrification installations in recent years, and 
is an excellent example of the kind of lessons which are being 
learned through experience. 

The rail bonds adopted for the Pennsylvania electrification 
are a somewhat radical departure from previous standards, and 
it will be interesting to note the performance on this very heavy 
section of route. 

Mr. Duer’s reference to the source of power is of interest. He 
points out that the question of decision as between purchase 
and manufacture of power is largely economic. All railroads 
which contemplate electrification are of course faced with this 
important question very early. The development of larger and 
more efficient central stations and the economies of interconnec- 
tion of power systems are paralleled by the growing efficiencies 
of smaller plants, and both the railroads and the power companies 
must figure very closely to arrive at a satisfactory solution. 
One of the important items for consideration.in figuring costs of 
power may be the high rate which power companies sometimes 
assume as interest on the capital represented by their power 
plants and associated facilities, which is often considerably more 
than the railroads can justify for their own facilities. A rela- 
tively small difference in these assumed percentage figures may 
be sufficient to swing the decision one way or the other. 

In connection with preparations which are necessary for 
electrification, Mr. Duer has indicated a number of points which 
must be considered, but he has not mentioned the desirability 
of completing any general improvements such as the elimina- 
tion of grade crossings, straightening tracks or lengthening 
curves. Changes of this nature should be completed, so far as 
they ean be foreseen, before the installation of catenary construc- 
tion, because the difficulties of any changes which are made 
after electrification has been completed are of course considerably 
greater than before. 

The standardization of detail parts for catenary construction 
is extremely important, and general agreement in such design 
among electrified railroads is one of the items which will advance 
electrification as much as any other single question. 

T. A. Purton: In general, what special measures were 
required to prevent telephone and communication interference? 

K. V. B. Duer: In reply to Mr. Purton’s question, it may be 
said that no special measures were required to prevent telephone 
and communication interference. Electric-traction circuits were 
very carefully designed and laid out for the best results from an 
electric-traction standpoint, and operating experience so far has 
indicated that no modifications in these circuits were necessary 
to take care of telephone and communication interference. 


Electricity’s Part in Open Cut Copper Mining 


BY R. J. CORFIELD: 


Associate, A. I. E. E. 


Synopsis.—This paper is untended to describe the electrification 
of the world’s largest open cut copper mine, and also covers briefly 
main line transportation and miscellaneous uses of electrical energy 
at the concentrating plants, that are located approximately 18 miles 
from the mine. 

This electrification project was an economical and progressive 
step in copper mining and developed some very interesting engineer- 
ing problems. 

Electric shovels, both alternating and direct current, together with 


HE Utah Copper Mine is in reality a mountain of 
low grade copper ore, covered by an overburden 
of decomposed rock, varying in depth from 75 to 

200 ft. The clearly defined levels, or benches, as 
shown in Fig. 1 vary in height from 70 to 130 ft. and 
have a slope of approximately 45 degrees. Some of the 


the special type of electrical locomotive required for this particular 
service, are discussed. vas 

The rather elaborate trolley and feeder system required to transmit 
power to a fleet of 23 electric shovels and 39 electric locomotives, 
scattered over a 725-acre area, is described. 

The main power system, together with mill, railway and shovel 
substations, is briefly described. 

Some operating statistics are given, to assist in visualizing the 
magnitude of the operations. 


and more were added as conditions warranted. The 
original shovels were equipped with railway type trucks 
and 21% cu. yd. dippers. These dippers were later 


replaced by 314-yd. dippers and some caterpillars were 
installed. Later all steam shovels were equipped with 
414-yd. dippers and caterpillar tractors. 
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levels are very narrow at the ends and gradually widen 
towards the center. The ore, after being blasted from 
the banks and loaded, is transported to the main assem- 
bly yard over a series of switchbacks, built in most 
cases with an average grade of 4 per cent. 

Fig. 2 is a map showing a part of the haulage system. 
Both the ore and waste break rather easily and the 
blasted material varies from gravel size to very large 
boulders which, if too large to go in the dipper, have 
to be separately blasted before loading. The material 
in its blasted condition, ready for loading, weighs 
approximately 4160 lb. per cu. yd. 


TYPES OF LOADING EQUIPMENT 
The first steam shovel was put in operation in 1906, 


1. Asst. Elec. Eng., Utah Copper Co., Garfield, Utah. 
Presented at the Pacific Coast Convention of the A. I. E. E., Port- 
land, Oregon, September 2-5, 19380. 
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1—GerENERAL View or MINE 


The first electric shovel appeared in 1922 at which 
time two, Marion Model 92, were purchased, both being 
equipped with caterpillar tractors and 414-yd. dippers. 
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One of these shovels was driven by d-c. motors while the 
other was equipped with a-c. motors. Rather extensive 
tests, both electrical and capacity, were made and both 
of these shovels proved to be far superior to steam 
shovels, considerable increase in economy being shown, 


Fig. 


3—ELEectTRIC SHOVEL 


together with a great many operating advantages that 
could not be capitalized. In 1923, eight additional 
shovel equipments, using a-c. motors were ordered, and 
eight shovels were converted from steam to electric 
drive. After these shovels had been in operation 
sufficient time to prove their superior operating econo- 
mies, other shovel equipments were ordered until at 
the present time there are 23 electrics operating and no 
steamers. Nine of these shovels are equipped with a-c. 
motors, with rheostatic control, and fourteen with 
d-c. motors using the Ward-Leonard system of control, 
modified to meet the particular kind of service, which is 
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Fic. 4—Comparative SHOVEL CHARACTERISTICS 


very severe and requires the most sturdy motors and 
control equipment. Fig. 3 is a view of a modern 
electric shovel. 


SHOVEL CHARACTERISTICS 
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the steam shovel which, with the exception of its poor 
economy and high maintenance, has an ideal control 
characteristic, and an electric shovel should therefore 
be designed with a type of control that will duplicate the 
steam characteristic as nearly as possible. A curve 
showing the comparative characteristics of steam, 
alternating current, and direct current drive, is shown in 
Fig. 4, and’ it should be noted that the Ward-Leonard 
system of control approaches very closely to the steam 
characteristic, giving the necessary smoothness and 
flexibility. 

Three types of d-c. motors are available for shovel 
drive, 7. e., shunt, compound, or series wound. 

Which of these motors is best adapted for shovel 
drive depends on the nature of the material handled 


TA 


5—Power Ineur Curve, D-C. Equipment 
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and speed requirements. In general, it may be said 
that the separately excited, differentially compound 
wound generator, supplying power to series wound hoist 
motors and shunt wound swing and thrust motors is 
best suited for general application to railway type 
shovels. Typical graphic charts showing. the power 
required, peaks, and general character of the duty 
cycle, are shown in Fig. 5, for the d-c. equipment, 
while Fig. 6 shows the corresponding curves for 
the a-c. equipment. These curves are intended to 
be typical and not comparative, as a number of 
almost impossible conditions must be realized before 
comparative curves can be made, 7. e., character of 
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6—Powesr Input Curve, A-C. EquipMENT 


material, personnel of crew, and condition of equip- 
ment must all be equal. These curves indicate the 
severity of the duty cycle and show clearly the necessity 
for using the most substantial type of electrical equip- 
ment available. It should also be noted at this point 
that the electrification of shovels has been directly 
responsible for an improved mechanical shovel, as the 
torques obtained from the electric motors are greater 
than from steam engines, making it necessary to 
strengthen the underframing, gearing and other struc- 
tural parts of the shovel. This increased strength and 
sturdiness means fewer mechanical delays and _ is, 
therefore, a contributing factor in electrification 


The electric shovel was primarily designed to replace economies. 
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Electrification has also fostered a close relationship 
between the shovel manufacturer and the electrical 
equipment manufacturer, with the result that the elec- 
tric shovel in its present form is a highly co-ordinated 
and well arranged piece of equipment. The shovel 
operator has also had an important part in this develop- 
ment in suggesting certain changes in both mechanical 
and electrical equipment. Tests, extending over a 
period of years, are necessary before practical conclu- 
sions can be drawn. During this period, power costs, 
tonnage loaded, repairs and operating time must be 
tabulated. Such a tabulation, showing comparative 
operating costs of electric and steam shovels, is shown in 
Table I. About one-half of the saving shown is due to 


TasLEe I—ProportTionatEp Cost Prr Ton LoapEp 


Steam Electric 
Hngineere.¢ trate se ey LOO ME ne ineenr toe terre 100 
Craneman: ?c20e. . Oe Cranemian sere ont 100 
ATOM anne octet «cies 400  HEilectrician............. Ske 
Coalman..... 100 Electrician’s Helper..... 51.8 
Pit aris. sees ae LOOMS Pitney. caterer 100 
Watchnian. eee ia. LOOM Watchinankes: nian 0 
Total Operating Labor... 100 Total Operating Labor.. 76.2 
Coal and Water......... £00 Power saceec cere en ene ay 
Packing and Oil......... 100 Packing and Oil........ 34.0 
Total Operating Material 100 Total Operating Material 20.4 
IR@PAIES «5,54 Ame cae ones LOOK Repairs. te: eee er rae 21.5 
Total Cost Per Ton..... 100 Total Cost Per Ton..... 31.2 


electrification, while the other half is due to the substi- 
tution of caterpillar traction for railway trucks. It 
should be noted that the tabulation does not include 
fixed charges on either type of equipment, and while it 
is hardly expected that the electric drive will ever be 
as low as steam in first cost, economies and other 
advantages outweigh the advantage of steam in this 
respect. 


LOADING CAPACITY 


The electric shovel is capable of loading more ore 
per shift than its steam competitor, due to the fact that 
it is practically impossible to keep up uniform steam 
pressure. Delays due to leaking steam and water 
lines, choked boilers, etc., also contribute. Individual 
cycles timed by stop watch show the steam shovel to be 
just as fast and in some cases faster than the electric, 
but the fast cycle cannot be repeated over the days 
work, for the reasons outlined above. On the other 
hand, the present electric shovel is a highly developed 
and simplified machine, and while electrical delays 
occur, they are usually due to control equipment and 
can be repaired very quickly, and in a great many 
cases are of such a nature as not seriously to affect the 
operation of the shovel, and can be left until the shift is 
completed. The loading capacity of the electric is 
roughly 14 tons per minute, and if cars were available 
and there were no delays, it would he possible to load 
6,720 tons per shovel shift, or a total tonnage of 154,560 
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tons with 23 shovels. However, as the operating time 
factor averages about 80 per cent, and as cars are not 
always available, this tonnage is reduced to about 
105,000 tons maximum per day. 

The ore tonnage varies from 35,000 to 50,000 tons 
per day, while the waste tonnage varies with the mine 
development. The ore, after being loaded, must be 
transported to various assembly yards, while the waste 
must be dumped in adjacent ravines. This work is per- 
formed by 39 electric locomotives, designed especially for 
theservice. Duetothecomplexity of trackage, it was not 
considered practical to string trolley over all tracks and 
there were certain places, particularly on the benches, 
where trolley could not be placed over the center of the 
track. Toobtainmaximum operatingrange, the locomo- 
tives were equipped with a standard pantograph, two 
side arm collectors and a cable reel and, in some cases, a 
680-ampere hour storage battery was used in conjunc- 


7—TyrpicaLt Evecrric LocoMorTivE 


Fig. 


tion with the regular collecting devices. Fig. 7 is a 
view of a typical electric locomotive, while Table IT is a 


TasBLE IJ]—LocomoTivE SPECIFICATIONS 


Rigid Wheel Base............... 8 ft.—0O in 

Total) WiheeluBasessasscete price 25 ft.—2 in 

W heel: Diametenta nrc ere 44 in 
Length Inside Knuckles.......... 36 ft.-6 in 
Weight: on. ip monn Met ecetraaaerere 154,000 Ib 
Compressor Capacity............ 150 cu. ft. 

Motor Rating (One Hour)........ 261 Hp. at 105 deg. cent. 
Gear Ratiowitee cc actoie te tara 85 : 18 
Rail'Clearanceaseaicen acis sree ste 43% in. 


condensed specification covering a standard locomotive. 
These locomotives will haul a trailing load of 250 tons 
up a4 per cent grade at a speed of 10 mi. per hr., 
with a power input of approximately 825 kw. Motors 
are totally enclosed and have a one hour rating of 280 . 
amperes, giving a tractive effort of 35,000 lb. The 
continuous rating is 120 amperes, corresponding to a 
tractive effort of 11,200 Ib. 


TROLLEY SYSTEM 
The design of an adequate trolley system to serve the 
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locomotives required considerable study, as there were 
many limitations imposed by the operating department. 
The first problem was that all poles had to be placed on 
the bank side of the track, in order that ditching and 
spreading operations could be carried on. This problem 
was solved by using extra long bracket arms and placing 
the pull-over backbone on the end, as indicated in Fig. 
8. A large number of waste fills, varying in height from 
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tion is of the direct suspension type, with the exception 
of the Bingham Yard, which is catenary. 


MAIN LINE TRANSPORTATION 


The ore is taken from the assembly yards at the mine 
and transported 18 miles to the milling plants for 
concentration. This work is done by seven™Mallet 
locomotives, weighing 316 tons each. The main line 


Fie. 8—Troiiny ConsTrRucTION ON SWITCHBACKS 

100 to 250 ft., had to be electrified, and as these fills will 
settle approximately 10 per cent of their height, it was 
necessary to use a construction as shown in Fig. 9, 
where the pole is made a part of the track structure by 
means of extended ties. A number of bridges, on curves 
varying from 12 to 24 deg., was taken care of by a light 
“T” beam structure as shown in Fig. 10. On the 
benches, the track is moved every 25 days and some 
kind of portable structure was required. It was also 


Fig. 9—TrRoutEy ConstRucTION ON WASTE FILus 


necessary to have a portable shovel line on the bench. 
A light steel tower, as shown in Fig. 11, was designed to 
take care of both lines. These towers are 25 ft. high 
and weigh approximately 900 lb. They are provided 
with heavy skids on the bottom for sliding, or may be 
picked up by a locomotive crane. Despite the fact that 
these structures are within the blasting zone, very little 
trouble has been experienced. All overhead construc- 


Fie. 10—Troiuey Construction on BRIDGES 


railroad is single track, with six passing sidings, the 
Bingham end passing through four tunnels, bored into 
solid rock, and having an aggregate length of approxi- 
mately one mile. For years this railroad operated 


without any signaling devices, and the train crews were 
directed by train orders from the dispatcher, and while 


11—Troutny ConstTRUCcTION ON BENCHES 
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these dispatchers were very proficient in making train 
meets, it was known that more efficient operation could 
be realized with the road properly signaled. Accord- 
ingly, for the purpose of study, the tunnel section was 
protected with automatic signals and two switches were 
equipped with remote control. The value of signals 
and remote-controlled switches was soon recognized and 
resulted in complete signaling of the road, as well as 
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the Magna Yards. Train orders were, however, still 
necessary as no superiority could be established between 
uphill and downhill trains. 

In 1925, a system of centralized traffic control was 
developed whereby the dispatcher controlled the siding 
signals, thus giving him complete control of all trains 
without the necessity of train orders. This system was 
installed on the railroad in 1929, and has resulted in a 


Fig. 12—Sienats at TypicaL SIDING 


marked saving in running time in addition to the natural 
safety features inherent in signal systems. Fig. 12 
shows signals at a typical siding, while Fig. 13 shows the 
dispatcher at work. 

At the mill yards, electric locomotives break up the 
50-car train from the mine into 10 car cuts, ready to be 
dumped. This service was formerly performed by a 
steam switcher, and due to the rather erratic demands 
at the car dumpers, this engine was on spot about 50 per 


13—Train DispatcHEerR at WorK 


Fig. 


cent of the time, resulting in a high dumping cost per 
car. The ore, after being dumped, is given a primary 
crushing, a secondary crushing, preliminary and final 
grinding, to reduce to minus 100 mesh. From these 
mills the slime is conveyed to the flotation plant where 
the ore and gangue are separated. After being de- 
watered, the concentrate is ready for shipment to the 
smelter for preliminary refining. The mill work is done 
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by motors varying in size from one-quarter to 850 hp. 
most of them being of the standard, squirrel-cage, 
induction type. Synchronous motors are used wher- 
ever possible, and all new drives are carefully con- 
sidered with the idea of using synchronous instead of 
induction motors. All motors are started across the 
line at 440 volts, and in the majority of cases with 
contactors designed and built by the company’s forces. 
Miscellaneous uses about the plants include electric 
rivet heaters, hot plates, water and acid heating, pipe 
annealing, floodlighting, etc. All new motors are 
purchased with anti-friction bearings, and the conver- 
sion of sleeve to anti-friction bearings has been going on 
for several years, the end bells and caps being designed 
by the engineering department and these parts cast and 
finished in the company’s foundry and machine shops. 
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Fie. 14—Line Diacram or PowrR SYSTEM 


POWER SUPPLY 


Power for these operations is furnished by the Utah 
Power & Light Company and is received at Magna 
Central Station at 120,000 volts, where it is stepped 
down to 44,000 volts and distributed to seven substa- 
tions. Fig. 14 is a single line diagram of the system. 
This central station has an installed capacity of 62,000 
kv-a., divided into three transformer banks, two 
25,000-kv-a. banks for the mills, and one 12,000-kv-a. 
bank for the mine. All 120,000-volt apparatus is 
installed outdoors, while the 44,000-volt switches and 
control equipment is indoors. Figs. 15, 16, and 17 are 
views of this station. 2 

As continuity of service is a:very important considera- 
tion in an industry of this kind, duplicate lines are 
carried to each substation and ring buses are used to 
gain switching flexibility. Each mill substation is 
provided with a spare transformer, so arranged that it 
may be used to spare any one of the bank with a mini- 
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mum delay. Power at 440 volts is transmitted through 
three conductor cables direct to the motors, or to suit- 
able buses, each circuit being protected by an oil 
circuit breaker and suitable relays. A typical mill 
substation is shown in Fig. 18. Power is transmitted 
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This energy is carried over two independent pole 
lines arranged to. completely encircle the mining area, 
and built to approach as closely as possible the ends 
of the benches, where they are tapped and run through 
a portable switch house containing an automatic oil 


Fig. 16—Controt Room 


17—INTERIOR OF STATION 
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to Bingham over a two-circuit tower line and distributed 
to two, composite, shovel and railway substations. 
(Fig. 19.) Each shovel substation, which is of the out- 
door type, contains two banks of’ transformers, rated 
at 1200 kv-a. each, the secondary voltage being 5500 
volts. 


Fiq. 18—Typrcat Miri SusstatTion 


Fic. 19—GrneraL VIEW OF SHOVEL AND RAILWAY STATIONS 


circuit breaker. From this point they are carried across 
the bench on the portable towers before mentioned. 
With this system it is possible to feed the shovel from 
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any one of four secondary trunk lines. Such a dis- 
tribution system may seem rather elaborate, but when 
it is considered that a large fleet of shovels would be 
delayed in case of line failure, sucha system is warranted. 

The railway substations are of the semi-outdoor type 
and are full automatic. The 44,000-volt oil circuit 
breakers and converter transformers are outside, while 
the converters and auxiliaries are inside. Each station 
(Fig. 20) contains four, 1,000-kw., 750-volt, 1,200rev. per. 
min., shunt wound converters, all tied to a common bus 
from which eight feeder circuits are taken. As the speed 
of the locomotives is directly proportional to the trolley 
voltage, it is important that adequate feeders be pro- 
vided, and also that the trolley system be properly 
sectionalized so that an interruption on one feeder 
does not affect a large number of locomotives. The 
feeder system at Bingham is so arranged that six loco- 
motives, operating on three levels, are supplied from 
two sources over two separate feeders. As faults are 
most likely to occur on the benches, this arrangement 


Fie. 20—InrErtor or Automatic Ratway Sration 
permits operation up to the bench where sectional 
switches are provided for switching to a good feeder. 
The magnitude of these operations may be more easily 
visualized by consulting the following statistics, repre- 
sentative of one year’s operation. 


NOs OLfOremdl Ol Cd enmed ee me tere etee. Gass oe 16,556,070 
ons of waste Load cdeiei. aac eoeeks.+ 2 14,400,170 
Total tons of material loaded............ 30,956,240 
Tons of ore hauled by electric locomotives 16,031,728 
Tons of waste hauled by electric loco- 

HAA ULV OS. sc Merona Seton chet eT Oke Sap so 5,465,939 
Total tons of material hauled by electric 

HOCOINO LIVES tins: See eee? oo sas 21,497,664 
Total kilowatt hours used by electric 

(5101011 ON 3 Oestoke ach cae F1G/h 3 oo See 6,190,136 
Total kilowatt hours used by electric 

LOCOMIOUNMO RE . 2 2 oe so CRUE Pee ae ee 2 7,536,604 
Total kilowatt hours used by Utah Copper 

COMpSTiaemee: . i... Lndeegr alerts ead ds 323,454,428 
Average yearly load! .. 5c. athe. 36924 kw. 
Marximiumiloadwiorryears,..). «ot. ie6 ee cna 45155 kw. 


Annual Longacre: «5 wide de cne so ae 81.8% 
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Discussion 


L. W, Birch: During 1924 the Utah Copper Company re- 
placed two steam switching locomotives in the Magna-Arthur 
erusher yards, with two 75-ton electric locomotives. These 
locomotives were equivalent in weight to the replaced steam 
locomotives. The erusher yards include sevenaniles of track and 
are used for handling ore ears at the two mills where the ore is 
crushed previous to its treatment in the flotation plants. Ap- 
proximately 600 cars of ore have been handled per day through 
these yards during the past six years. 


Fig. 1—Catrenary at BrncHam Mines 1930 


The distribution and collection system on this electrification 
consists of light eatenary with normal tangent spacing of 150 ft. 
A 7/16-in. steel messenger wire, supporting a 4/0 grooved 
hard-drawn copper contact wire, was used throughout the system. 
Flexible steel catenary hangers connect contact wire and mes- 
senger wire. This system was insulated for 600 volts d-c. and is 
operating at that voltage at the present time, energy being ob- 
tained from a central substation located at the company’s large 
distribution substation at Magna, Utah. 

A recent check of this system has indicated very little main- 
tenance and extremely minute wear on the contact wire. Initial 
costs in connection with the insulation were reasonable and were 


Fic. 


2—CATENARY AT BincHAM Mines 1930 


completely written off through the savings obtained by elimina- 
tion of steam after the first eighteen months of operation. 
Through the favorable operation of this section, it was decided 
to build catenary in the yards at the Bingham mines. This is 
mentioned in Mr. Corfield’s paper and is illustrated in two of the 
attached illustrations. This light type of eatenary is suspended 


’ mostly by steel structures, the structures being of the bolted type 


and erected on the ground. 

In designing and constructing the overhead Sibel: at the 
Bingham mines, considerable thought was given to the flexibility 
of the overhead system. Wherever possible the flexible overhead 
system was constructed in lieu of the rigid system. Photographs 
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indicated as Figs. 8, 9, and 10 in Mr. Corfield’s paper, illustrate 
how flexibility was built into this system. For instance, the 
contact wire in Figs. 9 and 10 is suspended by a piece of flexible 
cable passing over a porcelain insulator and attached to the 
contact wire by half strain ears. A flexibility is obtained in this 
way which reduces trolley wire wear and breakage at the sus- 
pension point. 
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be advisable. -As an outcome the portable structures on the 
benches are now equipped with a standard type of insulated 
mine hanger to which is attached a standard type of mechanical 
mine clamp. This mine clamp has an opening above the jaws 
into which the trolley wire can be inserted and held loosely 
while the towers are being moved. In this manner the shifting 
of track and towers is accomplished without much work, and 


‘Pia. 3—Macna-Artuur CrRusHER Yarps Evecrririep 1924 


This flexible arrangement was also installed on some of the 
original stripping tracks on the benches. Owing to complica- 
tions in moving the portable towers and to the occasional break- 
age due to blasting, it was thought that a more simplified 
system, even though it included rigid suspension points, would 


’ 


Fie. 4—AnotTHer View or Yarps Hurecrririep 1924 


the contact wire can be held in a position above ground without 
injury. After the towers are moved, the contact wire is taken 
out of this opening in the clamp and placed in the regular jaws 


of the clamps, the wire having been tensioned previous to the 
clamping. 


Hydraulic and Electrical Possibilities 
of High-Speed, Low-Head Developments 


BY GEORGE A. JESSOP: 


Member, A. I. E. E. 


Synopsis.—The paper deals with the change brought about 
in hydroelectric practise by the introduction of the high-speed low- 
head propeller type of turbine. For a given head, up to about 
70 ft., it is possible to run the units at a much higher speed, thus 
reducing materially the cost of the generator. The maximum 
efficiency of the unit is maintained and the part load efficiency 
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greatly improved by the use of adjustable blade turbines, so that 
there is also a material gain where variable load or flow is 
to be handled. The fundamentals underlying the design of an 
adjustable blade propeller type turbine are given and an illustrative 
study made of a three-unit station, to show the gain in output 
obtainable from this type of unit. 


ECAUSE of economy in first costs, a great deal of 
B effort has been expended, for the past twenty 
years, to secure higher speed hydroelectric 
units. The principal reduction in first cost has been 
due to the lower price of the generator equipment as 
the speed increases, the hydraulic turbine costs de- 
creasing to a less extent. Until recently the increase 
in speed has resulted in reduction of efficiency, partic- 
ularly at part loads, thus to a large extent offsetting 
the advantages of reduced investment. The improve- 
ment in generator efficiency with increased speed 
has only partially offset the reduced turbine efficiencies. 
Turbine designers have now succeeded in maintaining 
the maximum, or peak, efficiency at a given figure over 
a very wide range of specific speed, and by means of 
the Kaplan, or automatically adjustable blade runner, 
have improved the part load efficiency far above 
that formerly obtained even with slow-speed Francis 
turbines. 

The hydraulic turbine horsepower and efficiency 
data and information contained herein have been 
obtained from tests made in the field and in specially 
designed and constructed testing flumes. The relation- 
ship between head, power and speed given in Fig. 4 
has been checked by numerous actual installations, 
and for the axial flow turbines, further investigations 
have been made recently by means of cavitation tests. 
In determining specific speed the well known formula 


RPM V/HP 
ieee 
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Ne = has been used. For slide rule 


computation this is, perhaps, more conveniently used 


of a runner is the rev. per min. at which a homologous 
runner will operate under. one-ft. head when it is so 


1. Chief Engineer, S. Morgan Smith Company, York, Pa. 

2. General Engineer, Westinghouse Elee. & Mfg. Co., 
East Pittsburgh, Pa. 

Presented at the Middle Eastern District Meeting No. 2, of the 
A. I. E. E., Philadelphia, Pa., October 13-15, 19380. 


reduced in size as to develop one hp. under one-ft. 
head. 

Fig. 1 shows the relationship between specific speed 
and maximum efficiency. Generally speaking, Francis 
turbines are used up to a specific speed of 110 and the 
adjustable and fixed blade propellers for specific speeds 
above this figure. It will be seen that very high 
specific speeds can be used before any material reduc- 
tion in maximum efficiency is suffered. 

Fig. 2 shows a comparison between the peak and 
part load efficiency of turbines with specific speeds 
ranging from 25 to 150. The turbines with specific 
speeds of 25, 50, 75 and 105 are Francis turbines. Of 
the two turbines with a specific speed of 150, one is 
of the fixed blade and the other of the adjustable 
blade axial flow type. It is interesting to note how 
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Fig. 1—RELATIONSHIP BETWEEN SPECIFIC SPEED AND MaxIMuM 
EFFICIENCY 


the part load efficiency drops off very rapidly as the 
specific speed is increased—a defect which can be 
overcome by the use of the adjustable blade turbine. 
The notable feature of this latter type is the fact that 
the efficiency over the entire range of output is very 
high, exceeding even that of the lowest speed Francis 
turbine at low loads. 

Fig. 3 shows how the efficiency of the generator 
varies with the load. It will be noted that the effi- 
ciency increases with the size of the unit and also 
with speed. The part load efficiency increases less 
rapidly than the full load efficiency, because of the 


_more marked effect of the windage losses at the higher 


speeds. Data similar to that given by Figs. 2 and 3 
must be combined to obtain the performance of the 
complete unit. 
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one 4 makes available graphically a method for 


determining the allowable relationship between head, 
horsepower, and speed. The head curves represented 
by full lines are to be used for Francis turbines, and 


those represented by dotted lines for axial flow tur- 
bines. At the upper left hand, part of the chart lines 
have been drawn indicating approximately the limits 
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of capacity corresponding with the different heads. 
It is believed this information will be very useful for 


preliminary engineering work in connection with the. 


designing and estimating of hydroelectric develop- 
ments and the selection of suitable generator speeds. 
The limitations of specific speed—that is, the combina- 


tion of horsepower, head, and speed—set by this chart 
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surrounding the runner. 
of handling the water at somewhat higher velocities 
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blade axial flow turbine lies in relatively low-head 
developments, approximately 70 ft. or less. One of 
their great advantages is that they permit of consider- 
ably higher speeds than the older Francis turbine, so 
that today it is permissible to speak of ‘‘high-speed — 
low-head”’ units. 

The effect of speed on the first ae of the turbine is 
comparatively slight, but there is a definite trend 
towards reduction in cost with increase in speed. The 
rev. per min. of a fixed blade axial flow turbine may be 
about 70 to 80 per cent higher than that of a medium 
speed Francis turbine, and, very approximately, the 
reduction in cost about 5 to 10 percent. The reason 
for the small reduction in cost lies in the fact that the 
amount of water to be handled is the same in either 
case and the same water control mechanism is required 
The small saving is the result 
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made in the generator design. For the higher ranges 
of heads suitable for axial flow turbines, when it is 
desirable to set the turbine as high as possible with 
respect to tailwater, the overspeed is frequently re- 
duced by cavitation. 

The cost of an automatically adjustable turbine is 


Fic. 5—SuHows VARIATIONS IN GENERATOR COSTS WITH 


CAPACITY AND SPEED 


substantially greater than that of a fixed blade tur- 
bine. The increase in cost varies from about 20 to 
25 per cent for very large sizes to as much as 50 per 
cent for small sizes. This type shows a marked in- 


Fie. 6—Axtat Frow TursBineE WHEEL WITH ADJUSTABLE 
BuapEsS—C.LosED Posrrion 


crease in kilowatt-hour output and, therefore, in 
earnings. Since the cost of the turbine is, in almost 
every development, but a small fraction of the whole 
cost, the total investment is increased only a small 
percentage. 

There are other factors to be considered, such as 
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excavation and power house cost. Turbines of high 
specific speed, in general, will be set at a lower elevation 
than those of low specific speed, thus tending to increase 
excavation cost. This tendency is counter-balanced 
to some extent, because the water flowing through 
high specific speed turbines is handled at slightly 
higher velocities and the length of the power house 
may be decreased, resulting in a saving in super-. 
structure. Each development must be worked up 
as an individual problem. It is believed that for every 
installation the increased earnings will more than 
amply compensate for the greater investment involved. 

Kaplan turbine runners, both of the fixed and auto- 
matically adjustable types, have a totally different 
form from Francis turbine runners. In the former, a 
few wing-like runner vanes, or buckets, without the 
familiar rim around their outer ends, are attached to 
a strong hub. This runner, Figs. 6 and 7, therefore, 


Fig. 7—AxitaLu Ftrow TurBInE WHEEL witH ADJUSTABLE 
BriapEs—OrpeEN Position 


resembles a ship’s propeller rather than a Francis 
turbine. 

The Kaplan turbine shows three important new 
characteristics: 

1. A vane-free transition space between the dis- 
charge area of the wicket gates and the runner entrance. 
The water leaving the gates in a whirling inward 
direction is deflected in an axial direction in this transi- 
tion space and flows axially through the runner. 

2. Wing shaped runner vanes, so spaced and pro- 
portioned that two adjacent vanes form a nozzle or 
double guidance for part of their radial extent and 
single guidance for the remainder. 

38. Adjustable runner vanes. 

_ Prof. Kaplan was the first to adjust the runner vanes 
and the wicket gates simultaneously. In the closed po- 
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sition, Fig. 6, the whole surface of the vanes, or buckets, 
lies approximately at right angles to the shaft axis. 
In this position the discharge isa minimum and the run- 
ner develops minimum power. With increasing wicket 
gate opening (increasing load) the vanes are opened 
so that the area of the water passage increases, Fig. 7. 
Hach position of the runner vanes corresponds to a 
definite position of the wicket gates, and the correct 
relationship of these positions must be maintained if 
the efficiency at all rates of discharge is to be a maximum. 

The simultaneous adjusting of the runner blades 
and wicket gates maintains the best conditions of flow 
throughout the entire range of output and results in 
the obtaining of exceptionally high part load efficien- 
cies, thus securing very flat efficiency-load curves. 
Since the blade and gate angles and openings always 
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have the correct relationship to each other, the adjust- 
able blade turbine operates with maximum smoothness 
and with minimum vibration and pitting. 

The automatically adjustable blade turbine casing 
is constructed like the usual wicket gate casing except 
that the top plate contains an inverted curved cone- 
like projection which forms the inner surface of the 
transition space. 

The construction of the runner hub which carries 
the movable blades requires special attention due to the 
relatively small space available. All of the operating 
connections for moving the vanes must be contained 
inside the single piece hub casting (see Fig. 8, lower 
view) and must be of such form that they will stand 
up indefinitely under the most severe service require- 
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ments without any adjustments. By very carefully 
utilizing every cubic inch of space, a design has been 
developed which has*proved entirely satisfactory and 
reliable. The stresses must be held within very 
conservative limits to guarantee freedom from exces- 
sive strains and deformation and to reduce the possi- 
bility of wear to the absolute minimum. The moving 
parts of a Smith-Kaplan automatically adjustable 
blade runner, consisting of the regulating rod, the 
sliding cross and the link connection to the crank on 
the runner vane trunion, are clearly shown. 

The bearings for the runner blade stems and the 
links are bushed with bronze to resist wear, and special 
provision is made to secure the blades against lat- 
eral displacement due to the large centrifugal forces 
developed. 

In order to provide constant lubrication for the 
moving parts, the hub is filled with a heavy body oil. 
Each runner-vane trunion is packed against leakage 
where it goes through the hub body, so that oil loss is 
eliminated. 

It is standard practise to make the runner vanes 
and hub of cast steel. Great care should be used to 
finish the vanes to templets, so that they will have 
the correct form and degree of smoothness required to 
offer the least disturbance to the flow of water through 
the turbine. 

The movements of the gate control system and the 
runner-vane control system must be synchronized at 
all times, so that for every gate position there is a 
definite runner-vane position. This can only be ac- 
complished when the gates and runner each have 
their own servo-motor and distributing valve. The 
regulating rod in the hollow turbine shaft is moved 
axially by a servo-motor (Fig. 8, center view) which is 
arranged between the flanges of the turbine and genera- 
tor shafts and is rigidly connected to them, so that it 
revolves with the shaft. The servo-motor piston is 
directly connected to the upper end of the regulating 
rod which communicates the piston movements to 
the runner vanes. The servo-motor is operated by 
oil supplied under pressure from above (Fig. 8, upper 
view), through two pipes arranged concentrically within 
the hollow generator shaft. 

The inner pipe carries oil to the lower side of the 
piston and is rigidly connected to it, moving upward 
and downward with the piston. The governor com- 
pensating mechanism is connected to the upper end 
of this pipe. The two pipes to the servo-motor termi- 
nate in two distributing chambers arranged one on 
top of the other, and mounted on top of the generator. 
These chambers receive the oil from the governor and 
collectively form the oil supply head. 

Fig. 9 shows schematically the regulating mechanism. 
The governor itself is the usual speed governor which 
operates the wicket gates either through a vertical 
gate shaft or through servo-motors. In addition, this 
governor has a second distributing valve controlling 
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the flow of oil to the runner-vane servo-motor in the 
turbine shaft. A cam is connected to the gate operat- 
ing mechanism and to the runner-vane compensating 
connection in such a way that the gates and runner 
vanes always move in the definite relationship required 
to give the maximum efficiency for every variation in 
load. _ 

The correct shape of the cam on a given turbine 
varies with the head, the speed of the turbine remaining 
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constant. With a moderate range in head one cam 
will maintain such gate and bucket relationship as to 
produce the best efficiency, or very close to it, through- 
out the entire range of horsepower. When the varia- 
tion in head is large, a series of cams may be used or a 
continuous warped surface cam can be designed and 
operated so that its position is moved as the head 
changes. 

There are two types of generators suitable for use 
with this type of turbine; the more general two-bear- 
ing design, in which the thrust bearing and one guide 
bearing are located above the rotor with the second 
guide bearing below the rotor; and the umbrella design, 
in which the single combination thrust and guide 
bearing is located below the rotor. In the matter of 
cost and efficiency, there is practically no difference 
between the two designs, but the umbrella design has 
a number of advantages. It requires less head room 
under a crane and is easier to dismantle. Its single 
bearing runs in a bath of oil so that all oil piping is 
eliminated. It lends itself readily to almost any scheme 
of ventilation. The air may be taken directly from 
above or below the rotor, or the machine may be 
totally enclosed and a recirculatory scheme used with 
the coolers arranged conveniently around the periph- 
ery of the stator. If a scheme of excitation other 
than by means of a direct-connected exciter is used, 
the upper bracket may be omitted entirely. This 
may prove an advantage where it is desired to elimi- 
nate the building super-structure, and consideration 
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should, perhaps, be given to motor-driven exciters. - 
Where a dependable auxiliary source of power is avail- 
able from which such exciters may be supplied, the 
problem is simple, but in most hydro-stations an 
auxiliary source is either not present or too small to 
handle all the excitation required. The motor-genera- 
tor exciters may be supplied from the main units 
through suitable transformers, and in this case it 
might be advisable to provide them with a flywheel 
to maintain their output during faults. Some ar- 
rangement would also be necessary for starting up 
the dead station. 

The field of application of the umbrella generator 
is for the large low-head units, and because of its 
inherent advantages it is used wherever possible. 
Fig. 10 shows a section through a typical modern 
umbrella generator. 

It has been shown that the initial cost of a hydro- 
electric installation can be reduced by the use of high 
specific speed units, but this reduction is obtained at 
the expense of reduced part load efficiency, unless 
automatically adjustable blade turbines are installed. 
The installation of this type of turbine in turn increases 
the cost, thus tending to minimize the investment 
advantage due to higher speed. It is apparent, how- 
ever, that with the higher part load efficiency to be 
obtained by the use of the automatically adjustable 
blade turbine, increased earning power is to be expected. 


Fig. 10—Section TuHrovucH TypicaL UMBRELLA TYPE 
GENERATOR 


In order to study the effect of the characteristics of 
the various types of hydroelectric units on the yearly 
output, a kilowatt-hour output study has been pre- 
pared. A duration curve has been selected, which 
shows the cu. ft. sec. available during the year, 
and the head corresponding to the flow. It is to 
be expected that in the normal plant the head will 
decrease as the quantity of water increases. The 
duration curves are such as might be expected on a 
river having a fairly variable flow. A _ three-unit 
development has been chosen for purposes of illustra- 
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tion. A comparison has been made between three 
medium speed Francis units, three fixed blade axial 
flow units and three automatically adjustable blade 
axial flow units. The rated capacity of each unit is 
28,500 kw. at extreme full load under 53-ft. head. 
The adjustable blade turbine has a surplus of 15 per 
cent above the maximum capacity of both the Francis 
and fixed blade turbines. Referring to Fig. 2, it will 
be seen that the size of the adjustable blade turbine 
can be selected to have this surplus capacity and still 
have the part load efficiency very much better than 
that of the other types. Even with their surplus 
capacity, the physical dimensions of the adjustable 
blade turbine are smaller than for the fixed blade 
turbines. Generally speaking, therefore, it is possible 
to operate an adjustable unit at a somewhat higher 
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speed than a fixed blade unit. Referring to Fig. 11, 
it will be noted that for the turbines used for the study, 
the adjustable unit is operated at 109.1 rev. per min., 
the fixed blade unit at 100 rev. per min. and the medium 
speed Francis unit at 58 rev. per min. The generator 
cost for the automatically adjustable units will, there- 
fore, be somewhat less than for the fixed blade units. 

The kilowatt output has been worked up from the 
head and cu-ft-sec. available, starting with one unit 
running and changing to two units as soon as additional 
kilowatts can be obtained by so operating. The opera- 
tion is then continued with two units until increased 
output can be obtained by the use of three units. In 
making these curves it has been assumed that each 
unit, if desirable from the standpoint of economy in 
the use of water, can be operated to maximum load 
and that there is no necessity for maintaining a sur- 
plus for speed regulation. 
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It will be seen that in periods of low flow the auto- 
matically adjustable blade unit shows increased power 
output over the other types. As flood conditions are 
approached the greater capacity from the adjustable 
blade units is particularly marked. This increase is 
largely due to the fact that the size of these units was 
selected to secure a curve similar to that shown by 
Figs2: 

It is of particular interest to note that the adjustable 
units produce 11 per cent more kilowatt hours than the 
fixed blade units and that the Francis and the fixed 
units have about the same yearly output. 


If it is necessary to maintain a certain operating 
reserve, the adjustable blade units will prove to be 
even more advantageous than shown, because it will 
be necessary to operate the Francis and fixed blade 
units at even lower loads and, therefore, at lower 
efficiencies, for part of the low flow period. 


The head and cu-ft-sec. duration curves are different 
for each development and, therefore, it is necessary 
to make a special study for each case. The illustra- 
tion here offered shows a material advantage for 
hydroelectric units with automatically adjustable 
blade axial flow turbines, and it is believed that for 
most plants having a head of 70 ft. or under a com- 
parison will show a similar increase in output. 


Discussion 


R. E. B. Sharpe: The advantages of the Kaplan type of 
turbine may be divided into two distinct headings: 

First, in the higher part load efficiencies secured, and second, 
in the increased power possible under low heads and_ high-flow 
conditions often obtaining with consequent increased minimum 
capacity. 

Referring to Fig. 4, the authors are somewhat conservative in 
the approximate maximum horsepower value as limited by 
physical dimensions. For the Francis installations for heads 
between 30 and 50 ft., it is believed that no difficulties would 
be encountered in constructing turbines of larger dimensions and 
ereater power than indicated. For a head of 50 ft., for instance, 
a limiting power of 32,000 hp. at a speed of 67 rev. per min. is 
shown. ‘The dimensions of the runner for this turbine correspond 
very closely with those of turbines actually being constructed 
both in this country and Canada. It is believed that for these 
conditions the maximum unit capacity may safely be increased 
to as much as 40,000 to 42,000 hp. E 

For the axial flow turbines, including both the fixed blade 
propeller runners and the movable blade Kaplan runners, it is 
believed that even a greater increase in maximum values is 
allowable. The maximum runner diameters which the authors 
have allowed for are apparently in the neighborhood of 290 in. 
The writer understands that Kaplan turbines are now being 
constructed for the Soviet government which will have a runner 
diameter of 30 ft. or 360 in. This information is rather meager, 
however, and perhaps the authors have more definite information 
as to this installation. 

In classifying three factors as being Kaplan contributions, the 
authors, I think, ignore significant American contributions in this 
field. In the first two factors set forth, the work of Messrs. 
Moody and Nagler should be recognized. Particularly in 
connection with the second factor should the early work of 
Moody be mentioned. The Moody idea is the “double guid- 
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ance”’ feature with very liberal blade area as was exemplified in 
the Manitoba installation. This installation is recognized both 
in Europe and in this country as being the first actual proof that 
the propeller type of turbine can successfully be applied to heads 
as high as 56 ft. 

The third factor, namely the adjustable runner vanes, is a 
Kaplan contribution. 

Notwithstanding the Kaplan advantages, I cannot agree that, 


“for every installation the increased earnings will more han 
amply compensate for the greater investment involved.” For 


instanee, consider the St. Lawrence River developments involv- 
ing a large amount of power with necessarily a large amount of 
units and with more or less steady flow and correspondingly small 
variation in head. Under sueh circumstances the advantage of 
the Kaplan type of turbine as compared to the fixed vane propel- 
ler type is not apparent. The steady flow and head eonditions 
tend to wipe out the advantages of the Kaplan turbine and the 
lower costs and greater simplicity of the fixed vane type of 
propeller installation would, in. all probability, result in the 
installation of that type of unit. The fixed vane type of turbine 
has also some advantage over the Kaplan type of turbine, in the 
matter of runaway speed, as a higher runaway speed is possible 
with the Kaplan type than with the fixed vane propeller type, 
with consequently a differential in generator costs. 

G. A. Jessop and C. A. Powel: Mr. R. E. B. Sharpe's in- 
teresting discussion brings out several valuable points. In 
making up Fig. 4, the authors, as stated in the paper, intended to 
indicate the approximate limits of capacity. It is true that it is 
possible to exceed the limits as set. It is believed, however, that 
when going beyond the chart limits, hydroelectric engineers 
should consult the generator and turbine manufacturers before 
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making definite plans or estimates. This will eliminate the 
danger of getting intoa field of special design and develop- 
ment, thus increasing the costs beyond what might normally be 
expected. 

It can also be stated that for the high-speed axial flow type of 
turbine, the specific speed as given by the chart may sometimes 
be somewhat inereased. This would apply to plants where 
efficiency is not of paramount. importance, but where first cost is 
the determining factor. In general, if the specific speeds as 
given are exceeded, it will be necessary to set the turbine some- 
what lower than usual with respeet to tailwater. It is reeom- 
mended, however, that if it is considered desirable to use 


. excessive specific speeds, the manufacturer be consulted and the 


entire setting be studied very carefully. 

Referring to the economies of a Kaplan adjustable runner in- 
stallation, as pointed out, it is necessary to make a study for each 
set of conditions. The cost of the entire development will be 
inereased only a very few per cent by the use of automatically 
adjustable blade runners rather than fixed blade- runners. It 
follows that a few per cent inerease in kilowatt hour output will 
pay for the increased cost. There are only a very few develop- 
ments where the head and flow are found to be so steady that 
adjustable blade runners are not of material advantage. For the 
small installation, in addition to a practically fixed head and flow, 
it will be necessary to have a fixed load to wipe out the advan- 
tages of the adjustable runner. For the very large installation 
having a large number of units, a variable load might be taken at 
good efficiency by starting and shutting down units as the load 
comes on or off. This method of operation has many disad- 
vantages which ean, to a large extent, be. eliminated with the 
Kaplan turbine. 


Trend in Design and Capacity 


of Large Hydroelectric Generators 
BY M. C. OLSON: 


Associate, A. I. E. E. 


Synopsis.—This paper describes the recent trend in design of 
large water-wheel driven generators. New features of mechanical 
construction made possible by fabricated designs are particularly 
emphasized, and illustrations of some recent machines are given. 


The 77,500-kv-a. generators for the Dnieprostroy project in Russia, 
which will be the world’s largest hydroelectric generators, are de- 
scribed. In conclusion, some of the future possibilities, such as 
outdoor machines and multi-speed designs, are discussed. 


ITHIN the last few years many changes have 
been introduced in the mechanical and electrical 
design of large hydroelectric generators. The 

purpose of this paper is to present a few of the salient 
features of some recent installations, and to indicate the 
trend of progress in design of this class of machines, as 
indicated by the experience of one manufacturer. 


As interconnected systems are continually growing 
in size and the load carried by an individual generating 
unit becomes a smaller and smaller proportion of the 
total load, it is increasingly feasible and desirable to 
operate some units of a station or some stations of a 
system at the most efficient load. With this condition 
of operation with higher load factor, there is an ever 
increasing demand for larger unitsand higher efficiencies. 


Fig. 1 shows the trend in maximum capacity of 
large, vertical water-wheel-driven generators, built by 
one company, during a period of 30 years. The largest 
units shown on this curve are the 77,500-kv-a. genera- 
tors, which are now being built for the Dnieprostroy 
Hydroelectric Development of Russia. These machines 
will be the world’s largest hydroelectric units, both as 
to rating and physical size. 

The trend in maximum capacity of large horizontal 
water-wheel-driven generators, built by this company, 
during the same period as mentioned above is shown 
in Fig. 2. The largest unit shown on this curve is the 
55,000-kv-a., 360-rev. per min., generator, now being 
built for the Sao Paulo Tramway Light and Power Co., 
Brazil. This generator will be driven by double over- 
hung impulse water-wheels. 

During the past six years, on machines above 5,000- 
ky-a., the horizontal water-wheel-driven generators, in 
kv-a., were 14 per cent of the total water-wheel-driven 
generators. In 1924, the horizontal water-wheel driven 
generators® were almost in the same ratio or 13.5 per 
cent. This indicates a fairly stable ratio. 

One can appreciate the growth of water power!’ in 
the United States, from Fig. 3 which shows a curve of 
total water power developed in horsepower starting 
from the year 1870, up to 1930. Approximately 36 
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per cent of the total power generated by public utility 
power plants in 1929, was produced from water power. 

According to the U. S. Geological Survey, water 
power has generated more than one-third of the total 
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electricity produced every year since 1919. In the 
year 1928, 40.6 per cent of the total power generated 
was produced by water power. The total water power 
in the United States available 50 per cent of the time 
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is 59,000,000 hp., so that at the present time, only 23 
per cent is developed. If it were feasible to deveiop 
all the water power sources of the United States, the 
total capacity of water-wheels that would be installed 
is placed at 85,000,000 hp. 
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FABRICATED CONSTRUCTION 


Radical changes have been made in the design, con- 
struction and appearance of water-wheel-driven genera- 
tors during the last few years due to the use of rolled 
steel plates and fabricated structures in place of cast- 
ings. As a result of the introduction of welded steel 
plate construction, generators have been made more re- 
liable mechanically, lighter in weight, and much more 
adaptable for special ventilating or constructional re- 
quirements. Also, shorter deliveries have been made 
possible. With a range of speeds from 60 to 720 rev. 
per min., hydroelectric generators must have widely 
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32,500-ky-a., 100-rev. per min., 12,000-volt generators 


varying designs, which can be more easily made with 
fabricated than with the older cast construction. 

The Muscle Shoals generators Fig. 4 are typical 
of the latest period of cast frame design. On the Cono- 
wingo 40,000-ky-a. generators,? the mechanical parts 
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except the upper bearing brackets, which consisted of a 
cast central hub and arms were fabricated. 

One of the first large generators with completely 
fabricated construction was the 33,000-kv-a., 125-rev. 
per min., 6,600-volt generator, for the Brazilian Hydro- 
Electric Company. This machine illustrated in Fig. 5 
has practically no castings. 

The upper bearing bracket consists of a fabricated 
central hub to which are bolted radial steel arms. The 
hub consists of top and bottom plates between which 


Fie. 5—33,000-Kv-A. 125-Rev. per Min. 6,600-Vo.tT- 
50-CycLeE GENERATOR WITH PRACTICALLY No Castines 


Fie. 6—Statror Frame For 47,000-Ky-a., 81.8-Rey. per Min., 
13,800-Votrt VreRTICAL GENERATOR FOR Spiers Fauts, N. Y. 


are welded radial steel ribs. The fabricated arms are 
attached to the central hub by means of reamed bolts 
and also by plates at the top and bottom of each arm. 
A steel ventilating hood completely surrounds the frame. 


FEATURES OF STATOR DESIGN 


Welding and the use of rolled steel plate have pro- 
gressed to such an extent that it is now possible to make 
almost any size of frame and by designing it in sufficient 
sections to ship it to the installation without exceeding 
permissible weights or clearances. 

Fig. 6 shows the stator frame for the 47,000-kv-a., 
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vertical water-wheel-driven generator for Spiers Falls. 
This frame has an outside diameter of approximately 
37 ft. and a height of 7 ft., is made in six sections and 
weighs 100,000 lb. The numerous supports between 
the ribs make a very rigid construction. Being made 
of steel, it is much lighter and stronger than a cast 
frame. The ventilating openings in a design of this 
kind can be conveniently placed at any desired location. 
The punchings and windings will be assembled in this 
frame at destination. 

The novel frame design of the 26,667-kv-a. generators, 
for the Central Maine Power Company, shown in Fig. 7 
illustrates the flexibility of design characteristic of 
fabricated construction. The frame is of conventional 
circular shape when viewed from the outside, but the 
air gap circle is eccentric with the outside, thus giving 
a volute form of ventilating air space behind the lamina- 
tions. The design permits the collection of air from the 
stator ducts around the entire periphery, and its com- 
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For 26,667-kv-a. 13814-rev. per min. 13,800-volt vertical generators 


7—HccENTRIC STATOR FRAMES 


plete discharge from one side of the frame, thus sim- 
plifying station duct work and construction. The 
design has obvious advantages over the use of a stand- 
ard concentric frame with external eccentric ventilat- 
ing hood. 


FEATURES OF ROTOR DESIGN 


Fig. 8 shows the rotor spider and Fig. 9 the assem- 
bled rotor of the 33,000-kv-a. generator. The center 
spider is a fabricated structure consisting of I beams 
bolted between circular plates. The rim is made of 
segmental punched laminations mounted on the center 
spider. The segments are punched for pole-piece 
dovetail, rim key and for through bolts for clamping 
the core. At the end of the rotor-spider arms are welded 
vertical ribs, slotted for receiving the rim keys. 

In this design, the rim is not anchored to the rotor 
spider, but the torque is transmitted through axial 
keys, which fit into notches in the rim punchings and 
slots on the spider arm ribs. This leaves the rim free 
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to expand under centrifugal stresses without transfer- 
ring any stress to the spider, and thus makes the design 
of the rim and the spider independent and their stresses 
definite. When rim and arms are rigidly fastened 
together, the radial arm tension and the peripheral rim 
tension divide the total stresses in inverse ratio to their 


Fie. 


For 33,000-kv-a. vertical generator 


8—Rortor Spiper 


elastic deformations. The uncertainties thus intro- 
duced are avoided in this new design. A similar free 
rim construction was also used in the Conowingo 
generators.* 

Numerous square holes are punched around the 
periphery of the rim for the insertion of coil springs 
which support the field coils and keep them tight against 
any possibility of shrinkage of insulation. 

Fig. 10 shows a 10,000-kv-a., 180-rev. per min., 
18,800-volt vertical water-wheel-driven generator rotor 
with poles completely assembled. A new type of 
braking surface consisting of machined segmental 
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9—Fapricatep Rotor with LAMINATED Rim 


For 33,000-kvy-a. vertical generator 


plates attached to the rotor-spider arms by means of 
tapped bolts is clearly shown. The air or oil operated 
brakes act against this surface to stop the rotor in case 
of gate leakage. 

A sectional view of this generator is shown in Fig. 11. 
It has a direct-connected exciter, two guide bearings and 
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a thrust bearing and is constructed with welded steel 
plates and structural steel parts throughout. 

The largest fabricated rotor spider up to the present 
time is shown in Fig. 12. This rotor spider is in an 
inverted position in the process of machining the seg- 
mental braking plates. The outside diameter of these 
plates is nearly 29 ft. It is only exceeded in size by the 
rotors of the 77,500-kv-a. generators that are being 
built for the Dnieper River Project. 

On account of the thrust bearing being located be- 
neath the rotor spider, the arms are designed with a 
downward curve so as to make the center line of the 
laminated rim considerably below the center line of the 
hub. The web plates of these arms are flame cut to the 
desired shape. The top and bottom plates are formed 
to this shape and welded to the web plate. Ribs or 
stiffening plates are welded to each side of the web 
plate to give additional rigidity. The eleven arms of 


Fic. 10—AssEMBLED Rotor SHOWING SEGMENTAL BRAKING 


PLATES 


For 10,000-ky-a. 180-rev. per min. 13,800-volt vertical hydroelectric 
generator 


the rotor are bolted to thick steel plates at the top and 
bottom of the arms by means of body bound bolts. 
The plates are attached to the steel spider hub by body 
bound stud bolts. 

In order to lessen the windage on this large rotor, 
the top and bottom of the arms will be partially covered 
by a sheet steel covering. The maximum overspeed 
of the water-wheel on this unit is 192 per cent or 157 
rey. per min. 


VENTILATION 


Enclosed System. So many advantages are obtained 
by the use of the enclosed system of ventilation that 
there is an increasing tendency to adopt this method. 

This system allows only clean, cool air to be circu- 
lated through the machine, thus insuring a clean ma- 
chine and eliminating shut down for cleaning—there- 
fore, reducing the maintenance cost. This arrange- 


OLSON: DESIGN OF LARGE WATERWHEEL DRIVEN GENERATORS Transactions A. I. E. E. 


ment requires the minimum amount of duct work, 
lessens fire hazards, and makes a more quiet machine, 
thus improving operation room conditions. 


Fic. 11—Srctionat VIEW OF THE 10,000-Ky-a., 180-Rev. PER 


Min., 13,800-Votr VerticaL GENERATOR 


Fic. 12—RotTor SpipER IN AN INVERTED POSITION IN THE 
Process oF MaAcHINING THE SEGMENTAL BRAKING PLATES 


For the 47,000-ky-a. generator 


The 47,000-kv-a. generator, shown in Fig. 13, has 
12 surface air coolers located in the ventilating hood 
outside the stator frame. Two temperature detectors 
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90 deg. apart are located in the incoming air to the rotor 


so that its temperature can be read at the switchboard. 
Fig. 14, shows the Lake Chelan plant of the Wash- 
ington Water Power Company, arranged with enclosed 


Fig. 13—ConsrructTion or 47,000-Ky-a., 13,800-Votr, 
60-CycLE, 81.8-Rev. per Min., OvernuNG TypE VERTICAL 
W ATER-WHEEL DRIVEN GENERATOR 


system of ventilation. In this station, there are two 
30,000-kv-a., 300-rev. per min., 11,000-volt generators. 
The eight coolers for cooling the recirculating air are 
located in the ventilating hood and are arranged verti- 
cally so that they may be easily installed and cleaned. 


Fie. 14—Laxe CHELAN PLANT oF THE WASHINGTON WATER 
Power Co. SHow1ne ENcLOsSED SysTEM OF VENTILATION 


The air comes out at eight places in the stator frame 
and passes circumferentially through the coolers to the 
pit underneath the machine and also to the space above 
the rotor between the bearing bracket arms. 
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Temperature Rise Before and After Cleaning. If 
machines are not kept clean, and air ducts are partly 
or wholly closed and other openings restricted, there 
certainly will be considerably higher temperatures when 
this condition obtains. 
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Fie. 15—Curve SHowinc TEMPERATURE RiIsE BEFORE AND 


AFTER CLEANING 


As a matter of interest, Fig. 15, shows curves of 
temperature rise before and after cleaning on an 11,000- 
kw., 0.9 power-factor, (12,222-kv-a.), 514-rev. per min., 
6600-volt vertical water-wheel-driven generator. At 
full load the temperature rise is 11 deg. cent. lower after 
cleaning the machine. 


OVERSPEED REQUIREMENTS 
Rotors of water-wheel-driven generators are designed 
to withstand the maximum runaway speed of the water- 
wheels which is usually from 80 to 100 per cent over 
normal speed. 


16—Roror or 35,000-Ky-a., 375/450-Rev. per Min. 
GENERATOR IN Higu-SpreeD TESTING Pir 


Occasionally, it is required that rotors be tested at 
the overspeed before leaving the factory, but with 
improved forms of fabricated and welded construction 
this requirement is being less and less encountered. 

Fig. 16, shows the rotor of the 35,000-kv-a., 375 /450- 
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rev. per min. generator, in the high-speed testing pit. 
It was run at 85 per cent above the 450-rev. per min., 
60-cycle speed, or 833 rev. per min. foroneminute. The 
peripheral speed of the rotor at the air gap at this over- 
speed is 28,500 ft. per minute. 


OVERHUNG VERTICAL GENERATORS 


In recent years, there has been an increasing tendency 
toward the adoption of the overhung type vertical 
generator. The outstanding advantage of this type is 
the reduction of over-all height, which allows a corre- 
sponding reduction in height of crane. The chief 
disadvantage is the free length of shaft above the bear- 
ing, and the consequent possibility of vibration at high 
speeds. The design is, therefore, well suited to low- 
speed generators, but is not applicable to machines 
in the highest speed range. 

Some of the first machines of this kind manufactured 
by the company with which the author is associated, 
were built seven yearsago. They are rated 8,200 kv-a., 
150 rev. per min., 6,600 volts. 


Fic. 17—PrERSPECTIVE OF THE DNIEPER RiveR PROJECT aT 


Kicukas REpuBLIc OF UKRAINE, Russia 


Since that time, a large number of machines of this 
type has been built. The largest in physical dimen- 
sions, which is now being built for the New York Power 
and Light Co., Spiers Falls, N. Y., is rated 47,000 kv-a., 
81.8 rev. per min., 13,800 volts. This generator will 
be driven by a Francis type water-wheel rated 57,000 
hp. It will require 6,200 sec-ft. to operate it at full 
load, or the entire flow of the Hudson River, during low- 
water period. The net head is 81 ft. 


A sectional view of this unit is shown in Fig. 18, 
which forms an interesting contrast with Fig. 11. 


The thrust bearing for this machine is located just 
below the rotor spider. It is the largest combined 
guide and thrust bearing ever manufactured, is 84 in. 
outside diameter, and will carry a total weight of 
1,365,000 Ib., of which 815,000 lb. is the combined 
weight of water-wheel runner and shaft and hydraulic 
thrust. The guide bearing is 52 in. diameter by 26 in. 
in length. The stationary ring, rotating ring, and 
guide bearing are all split to facilitate inspection. 
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Thermometers with bell alarm contacts are pro- 
vided for the thrust and guide bearings, and an oil level 
gage with an alarm contact, to indicate the height of oil 
in the bearing, is also furnished. 

The bracket for supporting the thrust bearing con- 
sists of two main girders 26 ft. long and 7 ft. high 
These girders are made up of welded, steel plates. 
Between these girders is bolted the fabricated thrust- 
bearing housing. 


DNIEPER RIVER GENERATORS 


There are now being constructed the world’s largest 
water-wheel-driven generators for the Dnieper River 
Project. These are rated 77,500 kv-a., 88.25 rev. per 
min., 13,800 volts, 50 cycles. Five of these machines 
are now being built and when completed this plant will 
have nine generators, each driven by 84,000-hp. 
water-wheels—the largest hydraulic turbines ever built. 
The average operating head is 116.5 ft. The ultimate 
installation will be 750,000 hp. and it is expected that 
the plant will be completed by 1934. 

Fig. 17 shows a perspective of this immense instal- 
lation at Kichkas, Republic of Ukraine, which has been 
furnished through the courtesy of Colonel H. L. Cooper, 
the consulting engineer on this project. The con- 
struction of locks and the raising of the water level of 
the Dnieper River will make it navigable for 1,500 miles. 

An idea of the proportions of these generators is 
given by the following comparison of their principal 
weights and dimensions with those of the largest Ameri- 
can and European‘ machines heretofore built. 


Ryburg- 
Dnepro- Spiers Schwor- 
stroy Niagara Falls stadt 
Date completed......... 1931 1923 1930 1929 
Kvy-a. ratingiaas «sien os 77,500 65,000 47,000 35,000 
Speed in rev. per min.... 88.2 107 $1.8 (03) 
Frequency in cycles...... 50 25 60 50 
Voltage saetacters aichatereis 13,800 12,000 13,800 10,500 
Power factor yer soko: 0.8 0.8 0.8 0.7 
Outside diameter—ft... . 41 31 37 44 
Over-all height from bot- 
tom of stator frame to 
top of machine—ft.. .. 26 27 16 
Height from face of coup- 
ling to top of machine—ft 41 th 24 32 
Weight of rotor—Ib.... 978,000 785,000 540,000 An 
Total weight—lb........ 1,740,000 [1,517,000 | 976,000 1,210,000 


These Dnieprostroy machines will be of the con- 
ventional type with thrust bearings located in the upper 
bearing brackets. There are two guide bearings, one 
beneath the thrust bearing and one in the lower bearing 
bracket. 

An auxiliary generator rated 750 kv-a., 68 poles, 
2300 volts, is mounted above the thrust bearing on 
the main generator shaft and a direct-connected exciter 
for the auxiliary generator is mounted above it. As on 
machines of smaller sizes, these units are also made of 
fabricated and welded parts. 
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The design of the upper thrust deck is similar to 
that shown in Fig. 5, having 12 arms, and weighing 
250,000 Ib. The lower bearing bracket is made of 
structural steel girders 36 in. high. 

The rotor has twelve fabricated steel arms, each 
bolted between two heavy steel plates by means of 
tapered bolts. The steel hub for the rotor spider 
weighs 62,700 lb., is nearly 8 ft. in diameter over the 
flanges, and is over 6 ft. high. 

Largest Thrust Bearings. The General Electric 
thrust bearings used on these machines are the largest 
ever designed, having an outside diameter of 92 in. and 
an inside diameter of 31 in. The total weight carried 
on a bearing is 1,900,000 Ib., including the weight of 
water-wheel, water-wheel shaft, and hydraulic thrust. 

Shaft. An idea of the size of this machine can be 
obtained from the dimensions of the shaft, which is 40 
in. in diameter. The diameter over the coupling flange 
is 70 in., the total length of shaft is 36 ft., and its weight 


Fig. 18—Prorosep CONSTRUCTION FOR AN OuTDOOR WATER- 


WHEEL DRIVEN GENERATOR 


is 136,000 lb. To assure proper alinement of shafts 
on these large units, the water-wheel shaft is lined up 
on centers with the generator shaft. Coupling bolts 
are fitted and face of collar trued up. 


FUTURE POSSIBILITIES 


It is interesting to speculate on the possibilities 
which the future holds in store. 

In respect to capacity, it is clear that the limit has 
by no means been reached. There is no reason why 
generators of 150,000-kv-a. rating, at speeds of 150 
rev. per min. or less, can not be built if they are needed, 
so that it is extremely probable that the present trend 
toward larger capacities will continue. 

In respect to voltage, it is feasible to build generators 
of normal design for 24,000 volts and higher, though 
there is no present demand for voltages much in excess 
of 15,000 volts. At the transmission voltages used for 
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large stations, the use of transformers is imperative at 
the present time, and so the choice of generator voltage 
is based on considerations of station equipment rather 
than transmission. In large stations it may be found 
economical to generate at 22,000 volts, but it seems more 
probable that lower voltages will continue to be used, 
while double windings’ and unit operation of trans- 
formers and generators will be brought in to reduce the 
switching requirements and improve stability. 


The generator speeds required with present. hydro- 
electric practise, except in very high-head develop- 
ments, seldom bring in any mechanical limitations, so 
that the speeds of future water-wheel generators will be 
limited by considerations of turbine design. The 
recent developments of the propeller and Kaplan tur- 
bines,* making it possible to use higher speed wheels in 
low-head plants, will create a trend toward higher 
speeds, and will make feasible the development of very 
low-head plants. 


An interesting possibility of the future is the use of 
multi-speed generators to permit efficient use of the 
water under varying conditions. Propeller type tur- 
bines with adjustable pitch blade, can be set to give 
the greatest efficiency under the actual operating con- 
ditions. By designing the generator for pole changing, 
however, a similar effect can be obtained electrically. 
Two-to-one pole changing is well known, but it gives 
too great a speed change for normal conditions. 
Recently a three-to-two speed salient-pole synchronous 
motor has been built which gave satisfactory perform- 
ance at both speeds, without great sacrifice of charac- 
teristics at either speed. The same design can be ap- 
plied to a water-wheel-driven generator, making it 
possible to develop power at a fixed frequency and 
voltage with either full or two-thirds speed. 


The overhung type of vertical water-wheel-driven 
generators will likely increase in popularity. 


Fabricated construction will continue, without doubt, 
until all important water-wheel generators are so made. 
With increasing appreciation of the flexibility of design 
made possible by this development, it is probable that 
there will be a strong tendency to adapt the generator 
frame design to the power house. The final result of 
this trend may well be the adoption of outdoor generator 
designs, of which several are under consideration. Fig. 
18, illustrates a proposed form of outdoor construction 
for a water-wheel generator. 
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Automatic Operator for Economy Control 


Applied to Hydroelectric Generator Stations 
BY S. LOGAN KERR* 


Non-member 


Synopsis.—This paper deals with the great importance of 
economic division of load between various units in a hydroelectric 
- plant and the proper combination of units for any given output 
allowing for the proper reserve required. It points out that in the 
past, the attempt to achieve ideal economy of operation has been 
handicapped by the human element. The duties of the average 
operating force are usually such that the constant maintaining of 
accurate loading schedules for best economy is a physical impossibil- 
ity when the usual manual operation is employed. 

The solution for this problem has been found in the development 


of the “automatic operator’ designed specially for each plant 
through the combination of the preparation of ideal schedules, of 
economy of operation adapted to the particular system requirements 
and the installation of special automatic control equipment which 
permits the rigid enforcement of these ideal schedules. 

The actual application of the automatic operator and the results 
obtained in the Norwood Plant of the Carolina Power & Light 
Company and the Morony Development of the Montana Power 
Company are fully described. 

* 


Fase Lackner 


HE improvements in hydraulic turbine and hy- 
draulic plant design have gradually reached a 
point where further increases in maximum over-all 

efficiency can be of very small degree and will probably 
be effected only as a refinement in the design. Con- 
siderable study is now being directed toward broadening 
the range of high efficiency of hydraulic turbines by 
increasing the part-load efficiencies. New types of 
propeller turbines with automatically adjustable blades 
are one of the great steps forward and bring to low-head 
plants a relatively flat efficiency curve which has 
hitherto been found only in the medium and high-head 
installations. 

One aspect of hydroelectric practise, however, has 
just recently been receiving greater attention. This 
particular feature has to deal with the economic opera- 
tion of generating units in order to secure the full 
benefits of the high efficiency characteristics of the 
units themselves. It has been found from studies of a 
number of plants that the average operating efficiency 
rarely equals the maximum over-all efficiency of the 
station. In one of the recent large hydroelectric plants 
the over-all efficiency of the station was found from test 
to be approximately 90 per cent. Detailed analyses 
showed that the maximum as attained in daily service 
was only on the order of 80 per cent. The margin 
between these two figures was traced directly to in- 
efficient loading of the plant and to inefficient load 
distribution between the various units in service. 

Other factors, such as the unnecessary lowering of the 
maximum operating head and excessive draw-down on 
small ponds and storage reservoirs, greatly impair a 
high over-all efficiency of station operation. Attention 
directed to these factors indicates a very fruitful source 
of study with the result that improvements in operating 
practise can be effected and losses recovered in propor- 
tions that have hitherto been unsuspected. 

*Research Engineer, I. P. Morris & De La Vergne, Ine., 
Philadelphia, Pa. 

Presented at the Middle Eastern District Meeting No. 2, of the 
A.I. E. E., Philadelphia, Pa., October 13-15, 1930. 
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Hydroelectric power plant operation, particularly 
when interconnected with large power systems with a 
fair proportion of steam generating plants available, 
must be considered in combination with these other 
plants so that the system as a whole will reflect the 
benefits of economies which can be made in hydroelec- 
tric plant operation. 

Considering only the hydroelectric plants in this 
paper, the operation of such stations must be con- 
sidered with reference to the capacity of the station, 
the stream flow available, the market for power and the 
operating characteristics of the system to which this 
power is being supplied. Assuming that the plant has 
already been designed and installed, the general prob- 
lems of operation in so far as they are considered with 
respect to economy, may be classified as follows: 

1. Economic load distribution between units for any 
given station load and combination of generating units. 

2. The economic output of the station corresponding 
to the points of maximum efficiency for the various 
combination of units. 

3. The maintenance of the economic number of 
units or combination of units in service for any given 
load on the station. 

4, The maintenance of maximum operating head 
and conservation of flow. 

5. The control of pond levels with respect to flow 
when surplus water is available. 

These five classifications deal principally with the 
hydraulic characteristics of the plant itself. Two 
other factors, dealing with the relation of this particular 
plant to system operation, are as follows: 

6. The maintenance of sufficient system reserve 
capacity to provide for system requirements, to be 
operated in parallel with the system, and carried at a 
minimum cost. This may be divided into two types; 
reserve for immediate availability and reserve for de- 


~ layed availability. 


7. The maintenance of a fixed draft of water from 
storage reservoirs or through run-of-river plants, to 
provide for the proper water balance on a given stream 
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where more than one station is installed, in order to 
provide for plants lower down on the river or to absorb 
the discharge from plants above the one under con- 
sideration. 

There are two other considerations which may be 
classed as those which affect the type of service rendered 
by the power company, namely: 

8. Automatic frequency control to maintain con- 
stant frequency with the possible refinement of main- 
taining constant average frequency where electric 
timekeeping is a factor. 

9. Automatic power-factor correction to improve 
line and distribution voltages and power factor within 
the limits of the machine capacities and by utilizing 
from time to time surplus machines as synchronous 
condensers. 

Each of these items represents a field of study in 
itself and with the proper coordination of theseelements, 
or as many as would be applicable or desirable in a given 
plant, the over-all operating efficiency of any given 
station can usually be improved and in addition, reflect 
an improvement in the over-all operation of the system. 

Practically all of the considerations as outlined above 
have been given considerable study as individual 
problems and as such are fairly well known and fairly 
well appreciated by designing and operating engineers. 
A number of systems set very high standards of opera- 
tion by preparing economic loading schedules and 
endeavoring to have the plants operated in accordance 
with these schedules. There has been a number of 
articles published in the technical press, the most 
comprehensive of which was that presented by Mr. 
Frank H. Rogers and Mr. Lewis F. Moody, at the Third 
Hydroelectric Conference held in 1925, on the subject of 
“Interrelation of Operation and Design of Hydraulic 
Turbines.” This paper deals principally with the first 
problem, namely, the economic load distribution be- 
tween units, but other elements are considered including 
the design factor of determining the proper combination 
of units to install in a given plant, based upon the 
normal river flow and the load factor under which the 
plant would operate. 


SYSTEM ANALYSES 

A brief outline of the scope of an analysis of operating 
economy on any generating system will be of interest. 
The first step in any comprehensive study of system and 
plant economy should be an accurate field test of each 
type of unit in service in a particular plant and prefer- 
ably, each unit even though they are of the same type. 
These tests establish the characteristics of the machines 
under actual service conditions and very often bring to 
light unsuspected losses resulting from many different 
causes. An entire paper could be written dealing with 
this subject alone. Greater utilization of field testing 
results in improved standards of operation and in- 
creased efficiency of utilization of the plant itself. 
Field tests today can be made very cheaply and simply 
by either the Allen method or Gibson method in prac- 
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tically all plants, and where these methods can not be 
applied, it is usually possible to employ current meters 
with more or less accuracy, depending upon the type of 
meter used and the methods employed in the flow 
measurement. 

Assuming then, that the first step has been taken, 
namely, the accurate determination of the unit operat- 
ing characteristics; schedules of economic load distribu- 
tion between the units can be prepared, which determine 
the proper loading of the units and the proper combina- 
tion of units for any given output on the generating 
station. With existing plants where operating records 
are available, it is usually possible with a brief analysis 
of the operating records taken from the daily log sheets, 
to determine the relative operating efficiency of the 
station. 

Incases where the accurate test data are not available, 
it is possible that a combination of the manufacturer’s 
test curves and the manufacturer’s expected curves 
combined with power-gate opening tests on the ac- 
tual installation will provide sufficient information to 
prepare operating charts for units having similar char- 
acteristics. 

For units of dissimilar characteristics, which of course 
include units of different specific speeds and capacities, 
and occasionally, units having the same eapacities and 
speeds, but built by different manufacturers, it is 
necessary to make field efficiency tests, since the in- 
formation available by approximate methods is not 
sufficiently accurate to determine the relative loading 
of these dissimilar units. 

The over-all. performance of the station is the effi- 
ciency relation which is of most value for power plant 
operation. The combined efficiency of the turbine and 
generator is not sufficient for this work since it does not 
include penstock losses, intake losses and other similar 
factors which have a decided bearing on the station 
performance. Allowances should be made for excita- 
tion and for auxiliary power so that a complete operat- 
ing efficiency is represented. 

With the station and unit characteristics determined, 
an over-all schedule for operation can be prepared 
which, for each load on the station, will specify the 
number of units required to carry the load; the proper 
combination of units which should be in operation if 
they are of unlike characteristics; the proper loading for 
each unit in order to maintain the best over-all efficiency. 

Based upon an estimated percentage of adherence to 
this schedule, the question of load factor, load demand 
and the rate of draw-down of the forebay can be studied, 
in their effect on the maintenance of the maximum head. 
In cases where appreciable pondage or storage is avail- 
able, a nice balance can be worked out between the 


‘permissible rate of draw-down during the demand hours 


and the building up of the head water level at night. 
With low and medium head plants, particularly those 

which form a series of development without having the 

head overlap between plants, it is of great importance to 
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maintain the maximum operating head and prevent the 
loss in output and efficiency. In large systems where 
the output of any single plant does not form a large 
proportion of the total capacity, the operation of the 
individual plants are subject to a fair amount of flexibil- 
ity which will permit the run-of-river plants to operate 
at maximum efficiency and also to maintain maximum 
head. In low-head plants, particularly those with heads 
below 30 ft., a very slight change in level in the forebay 
or the tailrace results in an appreciable loss in power. 
Operation at an inefficient point increases the draft on 
the reservoir and also discharges a surplus of flow down- 
stream which, in turn, increases the tailwater level 
and thus doubly decreases the head and still further 
aggravates the losses incurred. It may be seen, there- 
fore, that the closest attention should be directed toward 
efficient operation in low-head plants, considering the 
three factors involved namely, the economic load dis- 
tribution between units, the economic output of the 
station and the maintenance of the maximum operating 
head. 

In such plants still another factor is involved in 
periods of excess flow namely, the controlling of the 
forebay level through the spillway gates so that the 
maximum head is obtained during the high water 
season particularly in the intermediate zones where the 
excess flow has not reached the proportions of a flood. 
In such times the operation of the plant should still give 
due consideration to efficiency and should draw as much 
flow as possible through the units on the basis deter- 
mined by the economics of operation of the particular 
units involved. It may even be desirable to spill a 
certain amount of water over the dam rather than oper- 
ate the machines at full gate. This would be true in the 
case where the discharge from the plant is taken through 
a tailrace canal and excess flow reduces the head on the 
turbine and the loss in the conduit more than would be 
the case if the water were spilled over the dam into the 
main channel of the river. In certain cases, the ques- 
tion of the rate and time for spilling surplus water and 
its effect on over-all performance may result in increased 
output after the intermediate zone is passed. 


SYSTEM RESERVE 

The factor of system reserve capacity is one which 
should receive a great deal of attention and careful study 
to determine a reasonable margin for reserve to ade- 
quately protect the system against any shortage of 
power during sudden demand periods and at the same 
time avoid excessive waste of water due to carrying too 
much reserve in parallel with the system. This phase 
of operation introduces a still further burden on the 
operation staff due to the requirement of shutting down 
and starting up units at the proper time. It also intro- 
duces a serious responsibility on the part of the system 
load dispatchers, due to the necessity of maintaining 
sufficient capacity in service to care for the normal 
operating emergencies which would interfere seriously 
with rendering service, if such reserve capacity were not 
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immediately available. The operation of any generat- 
ing station or any generating equipment for reserve 
purposes requires the intimate knowledge gained from 
contact with the particular system in determining the 
proper amount and location of the system reserve. 

Once these general requirements are established, the 
reserve can be allocated to plants best adapted to carry 
it and further studies made to decide the most economi- 
cal manner in which this reserve can be maintained. 
All of these studies would usually divide the reserve into 
two classes, namely, that for immediate availability and 
second, for so-called delayed availability. Studiescan be 
made of actual cost of carrying reserve capacity in any 
one plant or with any combination of units. On the 
same basis additional studies will indicate the desirabil- 
ity of operating units as synchronous condensers or 
merely as reserve capacity floating on the line. At most 
plants some saving can be secured by motoring the units 
from the line with the wheel gates tightly closed and 
the runner vented so that it is operating in air rather 
than in water. The difference between the cost of 
maintaining the reserve by these two methods and of 
having surplus units carrying light loads represents a 
very marked saving which can be effected if the element 
of availability can be secured. 

The last element of economy to be considered is the 
relation of the output of one hydroelectric station with 
respect to other plants on the same stream, which is 
intimately tied up with local conditions, such as the 
reservoir capacity at the plant furthest up the stream, 
the distances between plants, the type and amount of 
pondage available and the characteristics of the stations 
themselves, with particular reference to the load factors 
for which they were designed and their relative dis- 
charge capacities. Each operating economy has its own 
peculiar problems affected by such local conditions and 
except for the value as relative information, the solution” 
of this operating problem on any one system usually is 
not applicable directly to other systems. 

It is of course self-evident that all of these factors 
have been given and are still being given a great deal of 
attention by the operating companies and by the operat- 
ing engineers. The one element, however, which has 
seriously hampered the achievement of ideal economy of 
operation has been the necessity of depending entirely 
upon the human element. 


The tendency to reduce operating forces to a mini- 
mum in order to make corresponding savings in operat- 
ing costs, has greatly increased the duties and the 
responsibilities of the individual operators with the 
result that the operator’s attention has been forcibly 
directed to the prime requirement of maintaining 
continuous service and the question of economy has 
been made a second consideration. The burden of 
maintaining accurate loading schedules and in fact, of 
giving careful attention to each of the factors outlined 
at the beginning of this article, will pass beyond the 
realm of possibility for manual operation unless con- 
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siderable increases in the operating staffs are bmade, 
combined with rigid supervision. 


AUTOMATIC CONTROL OF Economic LOAD DIVISION 


With the development of automatic control equip- 
ment the whole aspect of these operating problems 
changes, since the human element no longer becomes the 
limiting factor. The introduction of the so-called 
“automatic operator,” the development of which has 
been sponsored by I. P. Morris & De La Vergne, Inc., 
represents the application of a new principle to operat- 
ing practise. By analyzing the economies of operation, 
preparing ideal schedules adapted to the particular 
system requirements, the application of specially de- 
signed automatic control equipment permits the rigid 
enforcement of these ideal schedules and eliminates 
the losses which result from the inability of operators to 
follow these schedules continuously. 


One of the first opportunities to apply this new 
principle of operation was found at the Norwood plant 
of the Carolina Power & Light Company. Descriptions 
of this plant’s operation have recently been published.! 
The problem presented in this case was somewhat 
different from the usual operating problem in that the 
three units in the station with an aggregate capacity of 
of 87,000 hp., consisted of two high-speed, large 
capacity units with relatively steep efficiency curves, 
and one unit of the slow-speed type with somewhat 
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smaller capacity, but having a relatively flat efficiency 
curve when compared with the other two units. By 
installing units of these different capacities, it was 
possible to secure a higher average efficiency for the 
plant over its entire range of output than would be 
possible if all three units were of the same high-speed 
characteristics. 

The economic loading schedules for the proper distri- 
bution of load between units to maintain the maximum 
combined efficiency indicated a rather complex problem 
of operation. It was easily demonstrated that a slight 


1. ‘‘Automatie Operator a Success,” F. M. Nash, Electrical 
World, Aug. 25, 1930. : 
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departure from the proper loading schedule would 
result in an appreciable loss in efficiency. This plant 
therefore represented an ideal application for automatic 
load control equipment and after intensive studies and 
investigations upon the part of the staff of I. P. Morris & 
De La Vergne, Inc., it was felt that the problem could be 
solved very simply through the application of certain 
existing instruments which heretofore had not been used 
for this purpose but which could, with minor changes be 
adapted to fulfil the requirements at Norwood. 


The equipment as actually installed, consists princi- 
pally of a multiple bridge circuit, one side of each bridge 
consisting of a manually adjusted standard potential 
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and the other side, a potential in proportion to the unit 
output. By basing the standard potential relations 
upon the ideal schedule for load division between units, 
the balance would be secured, at which point the load 
on the various individual units would be brought to the 
standard as manually set, which in turn was in accor- 
dance with the desired load distribution between units. 
By this relatively simple scheme, the loading schedules 
could be maintained through the operation of a single 
dial and the economic load distribution effected between 
any combination of units in service. A number of 
additional attachments were incorporated in the control 
in order to provide more flexible operation, but these did 
not introduce any change in the basic principle upon 
which the control is designed. 


Fig. 1, showing the over-all efficiency curve for the 
Norwood Development and Fig. 2, showing the ideal ~ 
loading schedule for one unit with respect to the other, 
illustrate what can be accomplished by the application 
of automatic control to relieve the operators of the 
burdensome routine and at the same time, maintain 
the highest possible operating efficiencies on the station. 
Fig. 3 is the same as Fig. 1 except that points of actual 
operation, as taken from the log sheets, have been 
plotted. The circles show the results of manual opera- 
tion while the triangles represent the operation after the 
automatic control was in service. The general curve 
drawn through the points of efficiency on manual 
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control, shows the trend and is based on the results 
obtained from a study of the integrated averages of 
kilowatt hours generated before and after the control 
was installed. 

The approximate figures indicate that the production 
efficiency of the Norwood plant, in so far as its relation 
with the ideal operating curve is concerned, was ap- 
proximately 90 per cent on manual control. After the 
development of the automatic operator and its installa- 
tion at Norwood, the losses were materially reduced and 
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the average operating efficiency was in excess of 96 per 
cent and was later increased to approximately 98 per 
cent for appreciable periods of time. The difference 
between the ideal operation, which would be represented 
as operation along the envelope curve in Fig. 1 and Fig. 
3, and the actual results secured at Norwood, include all 
losses due to having the incorrect number of units in 
service as well as the losses introduced by maintaining 
system reserve capacity or minimum loads on the sta- 
tion for reserve purposes. 


The actual loss incurred by incorrect distribution of 
the load between the units which were in service was 
found to be materially less than 1 per cent, and thus the 
operating efficiency of the Norwood Station, in so far <s 
load division was concerned, has been consistently 
better than 99 per cent. 


These figures have been taken from actual station 
records which are prepared daily in the general form as 
shown in Tables I and II. A detailed analysis of these 
efficiency log sheets enables the operating engineers to 
determine the reasons for production losses and permits 
them to direct attention upon the elimination of these 
losses with accurate records upon which to base their 
analyses. 

The efficiency logs as shown in Tables I and II list 
two losses, namely, the distribution loss and the unit 
loss. The distribution loss concerns only the question 
of economic load distribution between units and the 
economic combination of units in service. The unit 
loss represents the loss incurred due to the operation at 
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points other than at the maximum efficiency of the unit 
or combination of units. Thus, if the units are operated 
with the proper load distribution and are also operated 
at some point of maximum efficiency on the envelope 
curve in Fig. 1, the distribution loss would be zero, and 
the unit loss would also be zero, giving a production effi- 
ciency of 100 per cent. In cases, however, where the 
load dispatched to Norwood is at some other point on 
the over-all efficiency curve, then even if the load is 
economically distributed between the units in service 
and the corresponding distribution loss is zero, the unit 
loss will be introduced due to operating the plant at a 
lower efficiency than its maximum. The difference in 
discharge or possible output between the actual point of 
operation and point of maximum efficiency has been 
established as this unit loss. In each of the log sheets, 
both these losses are given and a notation is made of the 
distribution efficiency as well as the unit efficiency, the 
product of the two being the production efficiency. 

In order to simplify the work of the load dispatcher, 
the curve shown as Fig. 4 was prepared representing the 
station output with respect to station discharge, upon 
which has been superimposed radial lines representing 
uniform increments of the kilowatts obtainable for each 
cu-ft-per-sec. of water through the station under the 
rated head at which the plant normally operates. 
These radial lines intersect the power-discharge curves 
at various points and both the load dispatchers and 
station operators can see at a glance the zones of desir- 
able operation, and where system conditions permit, the 
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maximum efficiency loads are dispatched to the Nor- 
wood Station. 

By means of these curves and log sheets, when com- 
bined with the assurance that whatever load is dis- 
patched to the Norwood Station will be carried in the 
most economic manner possible, the system operators 
and load dispatcher were provided with a more efficient 
tool with which to work, with the result that the operat- 
ing efficiencies at Norwood have reflected exceptionally 
large savings to the power company over and above the 
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very best that could possibly be obtained with manual 
operation. 


AUTOMATIC CONTROL OF ECONOMIC NUMBER OF UNITS 
IN SERVICE 

The automatic control of the Norwood Station was 
only the starting point for the application of automatic 
economy control to power generating stations. In each 
of the new plants undertaken, new problems arose which 
have so far been successfully cared for by the applica- 
tion of automatic control equipment. 

One of the most interesting developments which has 
recently completed the first few months of successful 
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operation, has been the Morony Development of the 
Montana Power Company. In line with the general 
desire to improve operation, and finding that the 
Morony plant was best adapted for this work, auto- 
matic frequency control equipment was installed as 
part of the hydraulic turbine contract. This station, 
however, had two units of the same characteristics and 
it was estimated that the requirement for maintaining 
frequency on the Montana system would call for the 
continuous operation of two units through a range of 
output from one-half to three-quarters of their full-load 
rating. As the load on that system is subject to varia- 
tions which are not easily predicted, the question im- 
mediately arose in regard to the loss of efficiency due to 
operating two units below one-half of their individual 
capacities where the load could be more efficiently 
carried on a single unit. 

With the application of automatic frequency control 
to this plant, a further step was made in the develop- 
ment of automatic economy control by arranging 


special equipment which would automatically transfer. 


one unit from operating on load to operation as a 
synchronous condenser when the point had been 
reached where one unit alone could carry the particular 
load of the station more efficiently than two units. 
Fig. 5 shows the curve of over-all plant efficiency with 
respect to plant output for both one and two units. It 
may be seen very readily that below an output of about 
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23,000 kw., it is more efficient to run a single unit than 
it would be to operate both units. The question im- 
mediately arose as to whether it would be desirable to 
signal the operator at this point and have him shut down 
one unit and carry the load on the remaining unit. 
However, as the immediate availability of this surplus 
unit was of great value in supplying sudden demands for 
load, it was found that instead of shutting down one 
unit, it could very conveniently be transferred auto- 
matically to synchronous condenser operation. The 
first unit was arranged to pick up whatever load was 
required as well as to supply the power required to drive 
the other unit as a synchronous condenser. By the use 
of very efficient automatic air vents, the power required 
to drive the unit as a synchronous condenser was held to 
very small limits and from actual tests, the curve 
shown for one unit operating on load with one unit as a 
condenser gives a loss of less than 2 per cent below the 
efficiency of one unit operating alone. Provision was 
also made for this reserve unit to come back on load 
automatically when it was required either at a very slow 
rate for normal service, or at a very rapid rate if it was 
required for emergency conditions. 

Fig. 6 represents the economic analyses of this sta- 
tion, with the savings effected by this control plotted 
with respect to station output. Approximately 2,400 
kw. are saved by the operation of one unit on condenser 
and one unit on load based upon the utilization of the 
same flow as would be required for two units carrying 
the same load.. This saving in kilowatts can be trans- 
lated into money, and for this purpose, an arbitrary 
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figure of three mills per kw. hr. was used. According 
to the latest studies, this represents slightly over $7.00 
per hr. saving with this very low power rate for each 
hr, that the plant is operated below an output of 
18,000 kw. Since storage facilities are available, these 
same savings can be translated into savings in dis- 
charge, which is the third curve shown on this figure. 
The possibilities of extending this type of control to 
other applications is virtually unlimited at present, 
and installations are now under way for similar equip- 
ment in plants containing as many as four units. In 
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this case, the savings increase materially above those 
shown for the Morony Development in Fig. 6, since the 
possibilities of saving are proportionately larger. 

This feature introduces another phase of operation, 
namely, the economic carrying of system reserve capac- 
ity through the operation of one or more units in the 
station as synchronous condensers combined with auto- 
matic control equipment to make them immediately 
available if they are required for service either as the 
result of a normal increase in load occurring at the 
particular time, or due to system disturbances requiring 
additional generating capacity at once, in which case 
the rate at which these reserve units will pick up the 
load will be very much more rapid. It is thus possible 
to allocate the system reserve to hydroelectric plants 
in which surplus capacity is available and by the proper 
use of automatic control equipment have this reserve 
capacity automatically available without the necessity 
of any operation on the part of either the load dis- 
patchers or of the operators themselves. 

The actual performance of this automatic frequency 
control equipment, combined with the elements of 
automatic economy control to effect both the economic 
load distribution and the maintenance of the economic 
combination of units in service, has been very gratifying 
indeed. The control at Morony has been in service for 
several months and has been very effective indeed in 
stabilizing the frequency under rather severe service 
conditions. The type of load on this system fluctuates 
greatly, due to its inherent characteristics, and to the 
self-regulating characteristics of the system itself being 
relatively small. The automatic transfer from load to 
condenser and from condenser to load of the reserve unit 
is effected very easily and without any attention being 
required on the part of the operator. A slightly revised 
operating procedure based upon the new conditions, was 
inaugurated by the load dispatchers and the water 
balance between the various plants was found to bemore 

easily maintained than with the previous condition of 
hand regulation of the speed. 


COMBINED OPERATION OF SERIES OF PLANTS 

These same principles which have been outlined in 
describing the application of automatic economy con- 
trol to individual plants, are readily adaptable to the 
operation of groups of plants. The inter-relation of the 
loading on different stations, particularly with regard to 
a series of plants on a single river, has the effect of mak- 
ing the series of plants perform as the equivalent of a 
single over-all development. The actual operation of 
such a system when combined with other devices to 
make use of pondage and peak load requirements, offers 
a very effective solution for the difficulties in operating 
such stations. There are several different methods 
which can be employed to effect this type of operation, 
each of which may be more desirable, depending upon 
the local requirements, the distances between the 
plants, and the general conditions existing in the par- 
ticular application under consideration. 
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COMBINED OPERATION OF STEAM AND HYDROELECTRIC 
PLANTS 

The automatic economy control applied to groups of 
hydroelectric plants can also be applied very readily to a 
combination of steam and hydroelectric plants whereby 
the hydro plant can maintain a base load during high 
flow seasons, leaving the steam plant to take the fluctua- 
tions in load, while for periods where surplus water is not 
available, the hydroelectric plant can more readily 
supply the fluctuating load leaving the steam plant to 
operate on fixed output. 

This general scheme of operation has been suggested 
in a number of papers, but by the use of automatic 
economy control it can be made a reality and most of 
the benefits from the combined operation of such 
stations can actually be secured. 

The application of automatic economy control to 
electric power generation requires an intimate knowl- 
edge of system characteristics as well as the prime mover 
characteristics. The success of automatic economy 
control installations can only reach the highest degree 
through complete cooperation of the manufacturer with 
the operating companies and by maintaining an im- 
partial attitude in regard to the equipment to be used, 
its application and its limits. The engineering of de- 
sign and application must be carried’ out with these. 
principles in view in order to secure the ultimate aim of 
this equipment, namely, the highest efficiency of power: 
generation possible with the installed equipment. 


Discussion 


H. A. Von Ejiff: Referring to the section covering condenser 
operation, it is interesting to state that we have found a large gain 
in economy at the Holtwood plant by operating one unit as a 
synchronous condenser on both the 25- and 60-cycle systems. 

The Holtwood plant prior to 1924 had eight 25-cycle units, 
seven of which were double-runner units and one a single-runner 
unit. The single-runner unit was installed in 1914 and in 1921, 
when the flow of the Susquehanna river was at a low stage, this 
unit was used as a synchronous condenser solely for power-factor 
correction to permit the plant to shut down. Since 1921 when 
the flow necessitates a complete shut down this unit is used for 
eondenser operation and has operated very satisfactorily. It 
requires approximately 650 kw. or 5.4 per cent of the rated 
capacity to operate this unit as a condenser with gates closed and 
vacuum broken and this loss is small compared to the gain in 
economy and peak service. 

A study was made to determine the gain in output by operating 
one unit as a condenser which would be available for spare capac- 
ity and one unit carrying load when the load on the hydro plant 
could be carried on one unit but the capacity of two units would 
be needed for spare. This study showed a saving of 150 to 300 
cu. ft. per sec., depending on the head and the load carried, or a 
gain of approximately 500 to 1,000 kw. This operation is entirely 
by manual control and the governor on the condenser unit is 
adjusted so that the unit will pick up load if the frequency drops. 

In 1934 two 60-cycle single-runner units were installed in the 
Holtwood plant and the gain in economy from operating a 25- 
cycle unit as a condenser led to making a study of synchronous 
condenser operation on one of the two 60-cycle units for loads of 
one-unit capacity but requiring two units for spare capacity. 
The operation proved satisfactory when the tailrace elevation 
was below the runner and the saving from condenser operation 
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on these two units varied from 500 to 700 cu. ft. per sec. and from 
approximately 1,500 to 2,300 kw., or from 13 to 27 per cent of the 
load, depending on the head and load carried. The large gain in 
economy on these units compared to the 25-cycle units is due to 
the fact that they have higher specific speed, or lower part gate 
efficiencies. It is also interesting to note that the energy required 
to operate these units as condensers with gates closed and vacuum 
broken amounts to approximately 400 kw. or 3.3 per cent of 
rated capacity. 

Carroll F. Merriam: A most valuable point brought out by 
this paper is the fact that although hydro units have approached 
the ultimate in maximum efficiency, it does not indicate that the 
ultimate in economy in the use of water has by any means been 
reached. It is often heard that because hydro units have now 
been built with efficiencies so near 100 per cent, little improve- 
ment can be expected in hydro development. The list of nine 
general problems included in this paper is in itself sufficient 
evidence that maximum efficiency is not the sole measure of the 
success of the hydraulic turbine designer. 

In addition to these nine, there are two others which come 
readily to mind and which offer fruitful fields for study where 
favorable conditions exist. The first is the possibility of making 
use of flood waters by means of head increasers such as the 
ejector turbine, and the backwater suppresser. It is entirely 
possible that when the principles of the ejector are better 
understood there will be found many applications for these means 
of getting increased capacity during times of flood. Another 
problem which may at first appear paradoxical is the economy of 
spilling water over a fixed crest dam at times of insufficient flow. 
When conditions are particularly propitious, thatis, with a sharp 
peak during the early hours of hydro generation, a short spillway, 
and especially if in order to accommodate the steam plants, 
the pond is drawn down weekly so that the maximum elevation 
is reached but once a week, there can be shown an appreciable 
saving by securing higher average head even though the pond is 
allowed to overflow afew tenths of a foot. 

The importance of test data should receive emphasis since the 
incidental information gathered at the time of an acceptance test 
may easily pay for the entire cost. The curves derived from the 
tests on the units at the Holtwood plant of the Pennsylvania 
Water & Power Company, are frequently used as the basis of 
economic studies leading to improved operation. Attention 
should also be given to supplementing the official tests with 
comparative tests made by an index method so that the range of 
conditions covered by the tests in which the water measurements 
are carefully made may be extended to cover extraordinary 
values of head which could not be obtained at the time of the 
test itself. There are several methods that are now being de- 
veloped for making comparative measurements of water, which 
methods can be calibrated at the time of acceptance tests, and 
used for many purposes afterwards by the plant operators or test 
department. 

The author’s statement that it may even be desirable to spill 
water over the dam rather than operate the machines at full gate, 
suggests that we look beyond the “‘station over-all performance”’ 
which the author states is “the efficiency relation which is of 
most value for power plant operation’’ and consider the economy 
of the project as a whole. This is particularly true where there is 
an inadequate tailrace. In this connection it should be kept in 
mind that excess water passing through a turbine not only lowers 
the head on the turbine itself but also that of the other turbines 
in the same plant. An example of this was found at Holtwood 
where by reducing the output of two turbines below their own 
points of maximum output, the send out of the station as a whole 
was increased about 400 kw. 

In regard to maintaining maximum head on a single hydro 
plant feeding into a large system, it is often considered the best 
economy in times of insufficient flow, to give the steam station a 
flat schedule and take all.of the swings on the hydro. Any 
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inequality in the hydro load during the day will draw down the 
pond and cause the plant to suffer a consequent loss. To deter- 
mine the economy of such practise involves a knowledge of steam 
plant conditions and the cost of carrying the swinging load 
by steam. This is exceedingly complicated, and although it is 
doubtful if it should prove economical to carry steady load on a 
run of river plant, nevertheless system operators should not be 
unmindful of the loss in economy. It is entirely possible that 
some compromise would be found to give the best results in the 
end. 


An interesting phase of interconnected plant economics, not 
mentioned in the paper, is where two plants are close together on 
the same river and have overlapping head. Let us assume that 
the upper of the two plants has a pond about three times as large 
as the lower, and furthermore, that the lower has a poor tailrace 
whereas the upper discharges directly into the pond of the lower 
with very slight loss of head between the two plants. At time 
of low flow there are three distinct methods of operation, to say 
nothing of many combinations which can be overlooked for the 
present. The first is to carry base load on the upper plant which 
means that the average forebay will be maintained at as high 
level as possible. The second is that both plants would share the 
load in such a manner that both discharge the same amount of 
water at all times. This means that the lower pond may be 
maintained always full and that the loss in head between the 
plants will be a minimum. The third method is to have the lower 
plant carry the base in which case the average tailwater will be 
lowered on account of a more steady discharge during the hours 
of hydro operation. 


It is a very nice problem to determine the most economical 
method and although it appears from knowledge of the situation 
that the lower plant should carry the base, the final solution will 
probably be some form of compromise. 


It will be noted that the estimates given of the savings realized 
by the use of the automatic operator are based upon hourly 
integrated loads. It should be pointed out that this is at least 
conservative since the difference between using integrated values 
and instantaneous values taken at random would tend to make 
the savings appear to be Jess than they really are. The reason 
is that any variation from the average values during the hour 
under manual control will tend to give actually less efficiency 
than that corresponding to the average loading for the hour. 
Under automatic control the efficiency is maintained at the 
theoretical maximum by supervision every two seconds. On the 
other hand, it does not stand to reason because Norwood showed 
a difference of about 10 per cent between the efficiency under 
manual operation and the theoretical maximum, that this is 
typical of hydro plants in general. The conditions at this plant, 
having units of different characteristics, are such that it would 
be particularly hard for the operators to appreciate the value of 
holding their units to a fixed loading schedule. In a plant 
where all the units are alike it is much easier for the operators to 
be educated to maintain equal loadings on all units. Although 
it is difficult to train operators to pay strict attention to unit 
loading, it is hard to believe that the resulting loss will ordinarily 
amount to as much as ten per cent. 


Reference is made to the fundamental principles of economic 
loading as presented in a paper by Rogers and Moody at the 
Third Hydroelectric Conference in 1925, but it is not stated 
clearly how these principles have been applied in the case of the 
problem at hand. A very simple method of constructing 
economic loading schedules has been employed by the Pennsyl- 
vania Water & Power Company and it would probably be of 
interest to the hydroelectric industry to know how easily such 
schedules can be laid out from given efficiency curves. 

The author has also omitted to mention the course of action 
to be taken when the variation in head on the plant is sufficient 
to be considered. 
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Tt is undoubtedly a considerable advance in power plant design 
to have units of dissimilar characteristics, but considerable care 
must be taken in selecting the units in order to properly balance 
all of the factors and thus avoid over emphasis upon any one 
element. For example, if high combined efficiency were the 
‘only consideration, it would have been better at Norwood to 
have made No. 2 unit somewhat smaller. It can be seen by 
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reference to Fig. 1 that the “Unit 2” curve would have been 
shifted somewhat to the left, ‘‘Unit No. 1 or 3” curve would 
have remained where it is, but “‘Unit No. 1 or 3 with Unit No. 2” 
curve would also be shifted to the left to fill in the deep gap, or 
inefficient zone, between. On the other hand, the cost per horse- 
power would certainly have been increased and the capacity of 
the plant at time of high water would have been reduced. 


Damper Windings for Water-Wheel Generators 


BY C. F. WAGNER* 


Member, A. I, E. E. 


Synopsis.—The severity of unsymmetrical system faults is 
affected by the negative sequence impedance of the connected ma- 
chines. These impedances in turn depend largely upon the character 
of damper windings. The paper discusses the effect of amortisseur 
or damper windings upon both the real and reactive components of 
the negative sequence impedance. Machines without damper wind- 
ings possess the highest negative sequence reactance and from 
this viewpoint are the most desirable, but machines with high- 
resistance damper windings possess the highest negative sequence 
resistance. Calculations show that combining the effect of resistance 


and reactance, the high-resistance damper is more desirable. 

In the event of system oscillations low-resistance copper damper 
windings produce the greatest damping of the mechanical movement. 
However, this effect is unimportant during and following a system 
fault except in the exceptional, rather rare case in which the system is 
so constituted that pull-out takes place as a result of compound 
oscillations following a disturbance. 

Consideration is also given to a special type of double deck damper 


winding. 
* * * * * 


INTRODUCTION 


MORTISSEUR or damper windings have been 
installed in water-wheel generators in the past 
only when particular requirements, such as 

increased starting torque for automatic operation, de- 
manded. In general, water-wheel generators in manu- 
ally controlled power stations were not equipped with 
damper windings. The recent emphasis placed upon 
stability problems and power limits has raised the 
question as to whether or not some form of damper 
winding was desirable from stability considerations 
alone. Some have argued that inasmuch as stability 
problems involve rotor oscillations and since it is known 
that the installation of damper windings facilitates the 
operation of engine-driven generators, it follows that 
dampers should ameliorate instability conditions. The 
problem cannot be reduced to such a simple simile. It 
is the purpose of the present article to discuss some of 
the factors affecting the choice of damper windings for 
water-wheel generators. 


I. NEGATIVE SEQUENCE IMPEDANCE 


It has been shown by Evans and Wagner! that any 
unbalanced fault in a symmetrical} power system can 
be represented, through the application of the “method 
of symmetrical components,”’ by means of a symmetri- 
cal set of impedances connected in shunt at the point 
of fault; thus converting the unbalanced fault to a 
symmetrical impedance load which is more amenable 
to solution. For the simple system shown in Fig. 
1A consisting of a generator and a transmission line, 
with transformers at each end, feeding into a system, 
the equivalent symmetrical system for a line-to-line 
fault on the high tension bus at the generating end is 
shown in Fig. 1B. The single line diagram of Fig. 1c 
shows the synthesis of the shunt impedances, which 
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are all negative sequence impedances. For the 
transformers and line the negative sequence impedances 
are the same as for the positive sequence, but for 
generators they are different. It follows, therefore, 
that by the aid of this conception and a knowledge of 
the negative sequence impedance of the generator, 
the synchronizing power between the voltages at the 
two ends of the system can be determined by a solu- 
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B. Symmetrical equivalent of (A) 
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tion of the equivalent network. Similar relations are 
true for other kinds of faults. These may involve the 
zero sequence impedances of the system, but for delta- 
star transformer connections the zero sequence im- 
pedance of the generator does not enter the problem. 

What is the nature of this ‘“‘negative sequence 
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impedance?” The method of symmetrical com- 
ponents involves the resolution of three unsymmetrical 
currents or voltages into, first a set of three symmetrical 
currents or voltages whose instantaneous values reach 
their maxima in the order abc (positive sequence); 
second, a set of symmetrical currents or voltages whose 
values reach a maximum in the order acb (negative 
sequence); and third, a set of three currents or voltages 
which are in phase (zero sequence). Now while all 
of these vectors rotate in the same direction, when 
applied to a phase wound machine, the positive se- 
quence produces a field rotating synchronously in the 
same direction as the rotor; the negative sequence a 
field rotating synchronously in the opposite direction, 
and the zero sequence a more complicated field, which 
is determined by differential leakages since the funda- 
mental space distribution of the three phases just 
cancel one another. The negative sequence impedance 
of a machine is the impedance offered to the flow of 
negative sequence current, that is, it is the negative 
sequence voltage across the machine when one unit 
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of negative sequence current flows through the machine. 
Distortion arising from saliency effects results in some- 
what different values depending upon whether sinu- 
soidal voltage is applied or sinusoidal current. is 
circulated. 

a. Negative Sequence Reactance. As stated pre- 
viously, when negative sequence voltage is applied to 
the armature, a field is set up which rotates with syn- 
chronous velocity in a direction opposite to that of 
the rotor. This field sets up currents of double system 
frequency in the rotor. Now the subtransient reac- 
tances may be measured by blocking the rotor, with the 
field winding short-circuited, and applying a single- 
phase alternating voltage across two terminals of the 
armature. The reactance per phase measured in this 
manner varies with the position of the rotor. If the 
machine is not equipped with damper windings the 
variation is very great for when the axis of the rotor 
coincides with the axis of the pulsating field, the field 
winding constitutes a short-circuited secondary, pro- 
ducing a low impedance, but when the two axes are in 
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quadrature, the impedance is merely that determined 
by the exciting current and is quite high. The upper 
curve in Fig. 2 shows these subtransient reactances 
plotted as a function of the angular position of the 
rotor. For the negative sequence measurement a 
similar phenomena is involved except that the rotor 
is rotating with double frequency with relation to the 
field set up by the applied voltage and is taking suc- 
cessively all the possible positions used in determining 
the subtransient reactance. One would expect, there- 
fore, the negative sequence reactance to be some kind 
of a mean between the maximum value of subtransient 
reactance, x,”, and the minimum yalue, x2”. Park and 
Robertson’ give for this value, when the circuit has 
a large value of reactance in series 

ty ee AY (1) 
The straight lines in Fig. 2 show the test results ob- 
tained for the imaginary component of Z, that is, the 
negative sequence reactance. 

When low-resistance damper windings are added 
ta” is reduced somewhat because the damper winding | 
is more closely associated with the air gap flux than the 
field winding and does not permit so much leakage 
but x,” is reduced greatly because the damper winding 
constitutes a short-circuited secondary with a relatively 
small leakage, whereas without a damper the reactance 
is determined by the exciting current. The reactances 
in the two axes, xq” and x,”, are very nearly equal as 
is shown by the curve for this case in Fig. 2. It 
follows therefore that the negative sequence reactance 
is also very nearly equal to these values. 

As the resistance of the damper winding is increased, 
little effect is at first discernible upon the reactance 
component of Z, because the resistance drop in the 
rotor circuit is in quadrature to the leakage reactance 
drop. 

Interpreted in terms of the equivalent circuit of 
Fig. 1, the higher the negative sequence reactance, the 
greater will be the shunt impedance and the synchroniz- 
ing power during the fault. This results in increased 
power limits. 

b. Negative Sequence Resistance. The power as- 
sociated with the negative sequence current may be 
expressed as a resistance times the square of the 
current. This resistance will be designated the “‘nega- 
tive sequence resistance.” For a machine with no 
dampers the only source of loss is in the armature and 
field resistances, eddy currents and iron loss. The 
copper loss in the armature and field is very small as 
is also the iron and eddy loss in the armature, but the 
iron and eddy loss in the rotor may reach quite high 
values. Copper damper windings provide a lower 
impedance path for the eddy currents and hinder the 
penetration of flux into the pole structure. The 
relatively low resistance of this path results in a smaller 
negative sequence resistance. For higher resistance 
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dampers, the negative sequence resistance increases 
to a point beyond which the larger resistance diminishes 
the current in the rotor circuits sufficiently to decrease 
the loss. 

A large negative sequence resistance enables more 
power to be absorbed during the fault so that the 
decrease in power output is not as great, resulting in 


less acceleration and a greater stability limit. These 
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3—Srapinity Limits with Dirrerent Kinps oF Fautts AND DampEerR WINDINGS 


AS A FUNCTION OF THE DURATION OF THE FAULT 


A. Fault on high-voltage side of sending-end transformer 


considerations, manifestly, do not apply to synchronous 
condensers; because since they are usually connected 
to the receiving end of the line and usually retard 
during a fault, a high-resistance damper merely ac- 
centuates this effect and reduces the stability limit. 

The following test results of negative sequence 
impedance illustrate the effect of the damper material 
for a 5,000 kv-a. condenser. 


B. Fault on high-voltage side of recéiving-end transformer 


The above values of impedance were obtained by the 
method described in the discussion of negative sequence 
resistance in Appendix II. 

There remains yet to evaluate the effect of these 
different impedances upon the power limits. This will, 
of course, depend upon the particular kind of fault, the 
location and the duration of the fault under considera- 
tion. Fig. 3 shows the maximum power that can be 
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transmitted on the given system for different kinds of 
faults, including the effect of the subsequent switching 
of the faulted line. It will be observed that the high- 
resistance dampers give the highest limits for all cases 
except for the single line-to-ground fault at the generator 
end, and for most cases the difference is quite considera- 
ble. The improvement made possible with the high-resis- 
tance damper may be made more evident by expressing 
the limits as a per cent of the minimum limit. 

The above values of negative sequence resistance do 
not represent the ultimate that may be obtained by 
increasing the resistance of the damper bars. Further 
increase is possible with some additional gain in sta- 
bility limit. However, as the resistance is still further 
increased, the reactance also increases because, in the 
equivalent circuit? for the machine, the field winding 
parallels the damper circuit; and for very high resis- 
tance the reactance approaches that of a machine with 
no dampers. In addition, in theequivalent circuit for the 
system, for a line-to-line fault on the high-tension bus at 
the generator end, the negative-sequence impedance of 
the machineand transformeris paralleled by the negative- 
sequence impedance of the rest of the system. As the 
negative-sequence resistance of the machine increases 
more of the total negative-sequence current is diverted 
to the rest of the system. A point is finally reached at 
which the decrease in negative-sequence current through 
the machine more than compensates for the increase in 
resistance. 

As the negative-sequence energy absorbed in the ma- 
chine increases, heating of the damper windings may 
constitute a limitation. A terminal-to-terminal fault 
on the machine or a line-to-line fault on the high-tension 
bus will produce a temperature rise of about 80 deg. 
cent. per second for a machine with 0.12 per unit nega- 
tive sequence resistance, assuming all the energy is 
absorbed thermally in the damper bars themselves and 
making no allowance for thermal conduction or radia- 
tion to the surrounding laminations. With even these 
assumptions, no dangerous temperatures should result 
if the fault held on for three to five seconds. For other 
types of faults, such as single or double faults to ground, 
the negative sequence current through the machine is 
smaller and consequently the heating is also much smaller. 

The normal current unbalances met are of no conse- 
quence in determining dangerous operating tempera- 
tures. A 10 per cent negative sequence current which 
would result if the currents in the three phases are 1.15- 
1.0-1.0-or 1.0-1.1-1.2 produces but 14 per cent loss 
in the dampers for the 0.12 per unit negative sequence 
resistance machine. Such a machine, of course, does 
not lend itself to single phase operation so readily as 
one with a copper damper. 

ALTERATION IN GENERATOR TORQUE DURING AND 
FOLLOWING A SYSTEM FAULT DUE TO CURRENTS 
IN THE DAMPER WINDINGS 

At times of any symmetrical change in machine con- 

ditions such as, short circuits or change in operating 
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angle, transients are set up in both the field and arma- 
ture. For all practical purposes these transients may 
be reduced to (1) a unidirectional component in the 
field with its associated fundamental frequency tran- 
sient in the armature, and (2) a fundamental frequency 
transient in the field and a unidirectional and double 
frequency transient in the armature. It can be shown 
that while the latter components are important in 
determining the maximum mechanical stress between 
turns or the maximum impulsive torque exerted on the 
shaft, for three-phase short circuits on the terminals of 
the machine, they are unimportant, because of their 
rapid decrement for other types of faults, in their net 
effect upon the angular oscillations following a system 
disturbance. The latter components will, therefore, 
be neglected and consideration given to the former. 
As previously stated, unbalanced faults can be reduced 
to equivalent symmetrical circuits, so that the analysis 
pertaining to transients in symmetrical circuits may be 
applied to the resultant positive sequence network. 

The Blondel two-reaction method of analysis of 
salient pole machines, extended to include the effect of 
amortisseur torque will be used in this study. The 
nomenclature by Doherty and Nickle‘ in their excellent 
analysis of synchronous machines will be used as far as 
possible. Armature resistance will be neglected. 


At times of change in load occasioned by sudden 
change in circuit condition or rotor oscillations, the flux 
linkages with the field winding (assuming no damper 
windings) tend to remain constant and since the present 
investigation has to do with damper windings, the ex- 
citer voltage shall be assumed to vary instantaneously 
in such manner as to make the assumption of constant 
flux linkages with the field winding rigorously true. 
This corresponds to the assumption of constant e,’, 
where e,’ is the ‘“‘transient internal voltage in the 
direct axis.”” To obtain this voltage in terms of the 
terminal voltage and drops within the machine for a 
machine without damper windings (or a machine with 
damper windings for steady state conditions) it is 
necessary to use the transient reactance x,’ of the 
machine. 


Because of the close proximity of the damper windings 
to the air gap, the damper windings tend to prevent any 
change in the air gap flux. The extent to which this 
fails to hold depends upon the leakage flux associated 
with the damper windings and is therefore affected by 
the nature of the magnetic circuit surrounding the 
individual bars. Buried damper bars surrounded by a 
complete iron circuit possess considerable leakage and 
would not be nearly as effective in maintaining the air 
gap flux as bars with anintervening air gap. This effect 
may be evaluated by the introduction of a new reac- — 
tance x4”, the subtransient reactance. Using this reac- 
tance instead of the synchronous reactancea new voltage, 
€a", which we shall term the ‘‘subtransient voltage in the 
direct axis” is obtained. It is the voltage associated 
with flux linkages with the damper windings in the di- 
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rect axis. In the event of any sudden change it is this 
quantity which remains constant. 

The time constant of the transient due to the current 
in the damper winding is in general quite small so that 
after a very short time the flux in the air gap changes to 
that corresponding to zero current in ‘the damper 
winding and constant flux linkages with the main field 
winding. For our present discussion this is the steady 
state condition because the original assumption prem- 
ised such a variation in exciter voltage as to maintain 
constant flux linkages with the field winding. The 
steady state value which e,” tends to approach may 
then be obtained by determining 7, for ea’ constant, 
using for this purpose the corresponding constants of 
the machine, namely, x, and x4’. The steady state 
value of ez” is then 

Oa! tetbeas state) = esi *%, (ta oo a’) Va (2) 
or substituting 72 from Eq. (17) in the appendix 
= tg — a — te ) (K3 Ore 
; — K,E cos #) (3) 
As in any problem involving a driving force, a 
variable, and a simple lag of the variable behind the 
driving force, the rate of change of e,” is 


” ” w 
d Cd €a =a (steady state) 


dinwals Taf 


so that given the instantaneous value of ez”, the time 
constant of the damper winding in the direct axis, 
Tz’, and the value of ez” would attain if 6 were main- 
tained constant at its instantaneous value, the value of 


d ea" 
dt 


above formula and values of K; and K, from the appen- 
dix that since no constants for the quadrature axis are 
present, the phenomena in the direct axis is inde- 
pendent of the fluxes in the quadrature axis. 

Just as the fictitious voltages e,’ and e,” were utilized 
to designate the generated voltages associated with 
certain flux relations in the direct axis, e,” will be used to 
designate the voltage corresponding to the flux linkages 


u 
Cd (steady state) 


(4) 


is determined. It will be observed from the 


with the damper winding in the quadrature axis. The 
steady state value of this voltage is from the appendix 
C4 Gleady Siatey, Ky (fq ez wis) E sin @ (5) 


The voltage, e,”, is approximately equal to the volt- 
age produced by the quadrature flux. It is restrained 
from changing, instantly, by currents induced in the 
damper windings. The rate at which it changes is 


u ” ” 
d Cg Cir eng (steady state) 


dt is a ae (6) 


To evaluate the effect of these damper currents, a 
line-to-line fault was assumed applied for 0.2 second to 
the high-tension bus at the generating end of the 60- 
cycle system shown schematically in Fig. 4. The 
power-angle diagram for e,’ = 1 (assuming no damper 
currents) is shown for the three-circuit conditions 
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involved—two lines in service, before the fault; the 
fault on the system; and the fault removed, one line in 
service. Then for an initial power of 0.8, the angle- 
time curve was obtained. The assumption was then 
made that the damper currents would not change the 
angle-time curve appreciably—an assumption that the 
results will be seen to justify. Then knowing the 
variation of the angle with time, eq” (steady sta) and 
C4" (steady state) CAN also be determined, from which by 
a step-by-step process, using the time constants for 
a copper damper, the instantaneous values of e,” and 
eé,” can be calculated. Converted into power the incre- 
ment in power is shown by the shaded areas. It will 
be observed that during the fault condition the generator 
output decreases but following the clearing of the fault 
the output increases. The net result is quite small for, 
expressing the effect in terms of the actual increment in 
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power limit, it amounts to slightly less than 1% per cent, 
which in view of the other effects of damper windings is 
negligible. Brass or higher resistivity material would 
be correspondingly smaller. 


HUNTING 


The phenomena associated with hunting’ may be 
visualized by assuming the rotor to oscillate about the 
mean operating angle 6. As the angle increases the 
demagnetizing component tends to increase and thus 
decrease the flux in the direct axis. However, due to 
the induced currents in the field and damper windings 
the flux and the internal voltages corresponding there- 
with lag behind the values which they finally would 
attain if the angle remained constant at any particular 
value. During the oscillation, therefore, instead of 
moving along the same locus with increasing and de- 
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creasing displacement, the instantaneous value of 
internal voltage forms a loop. The damper winding 
serves a similar function in the quadrature axis as the 
field and damper winding do in the direct axis, resulting 
in a similar voltage loop for the quadrature transient 
voltage. The voltage loops so formed can be readily 
transformed into a similar power loop, the area of which 
represents the energy absorbed per cycle of system 
oscillation. The results of such calculations are plotted 
in Fig. 5 which shows the energy absorbed per cycle of 
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Fig. 5—EnerGy ABSORBED PER CYCLE OF SystTEM OscILLA- 
TION FOR SMALL OSCILLATIONS FOR T'ypicaAL MACHINE WITH AND 
WITHOUT CoPpPpER DAMPER WINDINGS 


system oscillation (per radian)? for small oscillations. 
The generators were assumed to be typical with and 
without copper dampers and tied to an infinite bus 
through a reactance of 0.3 per unit. Machines without 
damper windings can be influenced only by the variation 
in the demagnetizing component of current because 
the flux in the quadrature axis can change instantane- 
ously. For small values of 6 the demagnetizing current 
does not change appreciably for small variations in @ 
so that one may expect the energy absorbed to be small, 
but as @ increases the variations and hence the energy 
absorbed becomes greater. With damper windings, 
currents are induced in both the field and damper wind- 
ings in the direct axis and in the damper windings alone 
in the quadrature axis. 

The ordinates of these curves divided by the square of 
the amplitude of oscillation are a measure of the energy 
absorbed per cycle of oscillation, and represent the 
variation in energy input necessary to sustain oscilla- 
tions of the given amplitude. For other variations in 
input the amplitude of the oscillations vary as the 
square root of the energy. To form a more concrete 
conception of the variations in power assume an 
operating angle of 30 deg., the machine equipped with 


copper dampers, and a sinusoidal oscillation of 10 deg. | 


in amplitude. The power-angle diagram for the sys- 
tem under consideration and for which the curves in 
Fig. 5 were obtained is plotted in Fig. 6 along with the 
power loop which is shown dotted. The area of the 
power loop is 7 AP» A 0m, in which A P,, is the maxi- 
mum deviation of the actual locus from the power- 
anglecurveforthemeanoperatingangle. Itmay beseen 
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that the energy per cycle per (radian)? for this particular 
case is 0.48, so that the energy per cycle for 10 deg. is 
0.0146. Equating this to the above, A P,, = 0.0267. 

These data in themselves are not sufficient to form a 
conclusion as to the desirability of installing damper 
windings for the purpose of suppressing hunting, but 
merely show that cyclic variations in torque, from the 
mean, of the order of 2.5 per cent may arise in the prime 
mover and be absorbed in the generator for an angular 
oscillation of 10 electrical degrees and a frequency equal 
to unity. To complete the story it is necessary to know 
whether such torques are usually present. It is known 
that the torque characteristics of hydraulic and steam 
turbines are very uniform and that alternators driven 
by such prime movers do not usually experience hunt- 
ing troubles. Improper governor adjustment may, 
however, give rise to such phenomena. In such a case, 
the cause should be sought at the source of the trouble 
rather than in the dampers. 

The curves of energy absorbed are also of assistance 
in estimating the decrement of oscillations following a 
disturbance. Assume that the operating angle follow- 
ing a certain disturbance is 30 deg. (see Fig. 6) and that 
at some instant the peak of the oscillation has been 
reached at the point A at 40 deg. The relative velocity 
at this instant is zero. A measure of the stored energy 
of oscillation at this instant is the area of the shaded 


Fig. 6—I tuustrating Maximum DervriatTion or PownER 
FROM MBan FoR SINUSOIDAL OSCILLATIONS AND DECREMENT 
or Frep Oscrtuations Dur to EnrerGy ABSORBED 
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flux behind the steady state value, the locus of the 
operating point coincides with the line O A D, and the 
angle decreases until the area OC B equals the area 
O A B, but actually by the time the point of maximum 
negative oscillation is reached the energy of a half- 
cycle oscillation, namely 144 x (0.0146) = 0.0078, has 
been absorbed. The remaining energy which is again 
all in the form of potential energy is 0.0163 — 0.0078 


0.0090 
= 0.0090 and the amplitude of oscillation rp 0.0146 


= 0.0163. If there were no lag of internal 


= 7.42 degrees. The amplitude of subsequent succes- 
sive half cycles bear the same relation to each other, 
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producing the locus shown, resulting in a time constant 
for the decrement of the oscillation of 1.7 seconds. It 
should be recognized that this is not strictly correct as 
the damping was assumed to be proportional to the 
area of the dotted loop whereas in reality it should be 
proportional to the somewhat smaller loop. As the 
operating angle increases the decrement decreases until 
at around 90 deg. it is but half of the value at 30 deg. 
(see Fig. 5). For a machine with brass dampers 
operating under the same conditions the time constant 
is 10 seconds. With brass, therefore, the duration of 
the oscillation would be six times as long. 

The property of high damping is of no particular value 
for such simple systems that can be reduced to an 
equivalent generator and motor tied together through 
a transmission line. It only means that the oscilla- 
tions do not continue so long. However, in more com- 
plicated systems involving compound oscillations fol- 
lowing system disturbances, it is possible that pull-out 
of an individual unit will not take place until after 
several oscillations of the fundamental oscillation, in 
which case the damping afforded by the copper damper 
should be of considerable value. This phenomena must 
not be confused with the oscillations that accompany 
improper governor adjustments. 


BREAKER DUTY AND QUICK RESPONSE EXCITATION 


A copper damper winding will increase the breaker 
duty from the standpoint of increased current but will 
reduce the duty from the standpoint of lower recovery 
voltage, the function of the damper being to retard the 
change in air gap flux. While the effect upon the volt- 
age is more important neither effect is sufficiently pro- 
nounced to influence the choice of the desirable damper. 
Similar effects are present with a high resistance damper 
except that the lag of the recovery is much smaller. 
Another effect enters with high-resistance dampers. 
Because of the large energy component of current the 
relative phase position of current and voltage shifts 
so that the voltage is no longer at its maximum as the 
current passes through zero and interrupts the circuit, 
thus reducing the recovery voltage. It may be argued 
that this condition does not hold for a three-phase fault 
but in opening the three-phase fault the breaker must 
pass through the phase-to-phase condition. On the 
whole these effects are too small to consider in applying 
a breaker. 


The question also arises as to the effect of the damper 
winding on quick response excitation systems. The 
amount of copper associated with the damper winding is 
always small in comparison with that associated with 
the main winding and for that reason is relatively unim- 
portant in connection with quick response. The actual 
tendency, of course, is to hinder any change of flux linked 
with the damper winding so that when the function of 
quick response system is to just maintain the flux, the 
dampers are an aid but, when the function of excitation 
is to actually increase the flux, the dampers are a hin- 
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drance. These effects become less important as the 
damper resistance increases. 


DOUBLE DECK AND OTHER SPECIAL TYPES OF DAMPER 
WINDINGS 


In reviewing the properties of the different kinds of 
dampers, it will be recalled that from the standpoint of 
power limits as affected by the negative sequence impe- 
dance the order of preference is high-resistance damper, 
no damper and copper damper. It was also shown 
that the induced currents due to changes in the positive 
sequence current were practically negligible, even for 
the copper damper, in their effect upon stability limits. 
However, copper dampers are much more effective in 
damping the oscillations following an oscillation and 
for this reason may be effective in raising the stability 
limit in more complicated interconnections in which 
pull-out occurs some time after the first peak of 
the oscillation due to the presence of a compound 
oscillation. 

Several types of special damper windings have been 
suggested which have for their object the combination 


7—Dovsue-Dreck DamPEerR CONSTRUCTION 
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of the advantages of the high-resistance damper from 
the standpoint of negative sequence loss and the copper 
damper from the standpoint of damping action. These 
dampers sought to take advantage of the fact that the 
rotor currents determining the negative sequence are of 
double system frequency whereas the currents deter- 
mining the damping action proper are of the frequency 
of the electro-mechanical oscillations of the system. 
In effect a damper was sought having a large skin effect 
ratio at double system frequency. What appears to be 
the most promising of this type of damper is shown in 
Fig. 7 which consists essentially of two distinct sets of 
windings, the lower one of copper, completely buried in 
the rotor iron, and the upper one of high-resistance 
material with an air gap inserted in its magnetic circuit. 
At double system frequency the reactance of the buried 
bars is so great that most of the current will circulate in 
the upper high-resistance bars producing a high-negative 
sequence resistance. At the low frequencies en- 
countered in system oscillations, (about 1 to 1.5 cycles 
per second) the reactive drop is very small, so that the 
resistance is controlling in determining the current 
distribution between bars. In this case most of the 
current passes through the low-resistance copper, the 
presence of high-resistance bars thus detracting little 
from the effectiveness of the copper bars. 
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The extent to which these conditions hold is de- 
pendent upon the saturation of the iron surrounding the 
copper bars. Tests have been made on different pro- 
portions of iron circuit, a typical result of which is 
shown in Fig. 8. The ratio of currents in the high re- 
sistance and copper bars was determined for 0, 17.8, 25, 
39, and 60 cycles, for currents ranging from 600 to 
2,000 amperes, the latter being the order of magnitude 
expected for line-to-line faults on the high-tension bus. 
The results so obtained were extrapolated to 120 cycles 
and 3,000 amperes by plotting on logarithmic paper, 
resulting in the curves shown. ‘The curve for 120 cycles 
shows how saturation affects the current distribution 
between bars. However, it is not until about 1,000 
amperes is reached that saturation affects the loss im- 
portantly. Arratio of three-to-one in currents decreases 
the loss to about 90 and 50 per cent, respectively, of 
the value it would have were the copper bars not 
present. These tests, therefore indicate, that the 
double winding does not impair the characteristics that 
the low-resistance winding possessed acting alone, but 
does, especially at high currents, somewhat impair the 
characteristics of the high-resistance winding. 

Structurally a double damper of this character offers 
some difficulty. Since practically all of the energy is 
absorbed by the heat capacity of the high-resistance 
bars, the rise in temperature of these bars is much 
greater than that of the copper bars. The difference 
in expansion of the hot and cold bars requires that the 
ends of the two sets of bars be not fastened together. 
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One solution of this difficulty is the use of two separate 
end rings. In tests made on a synchronous condenser 
it was found that insulating the end rings from the bar 
connectors had little effect upon the negative sequence 
resistance. Taking advantage of this fact the high- 
resistance bars may be welded to a connector laid flat 
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against the side of the pole piece instead of in the con- 
ventional manner, the connections between poles being 
omitted. 
CONCLUSIONS 

The choice of the most appropriate damper winding 
is dependent upon the emphasis to be placed upon 
the different characteristics. The desirable property of 
rapid damping, associated with copper dampers, should 
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be of value only in special cases in which there is danger 
of compound oscillations of such character that pull- 
out occurs on the second or third oscillation. Only 
rarely has such a case come to the attention of the 
author and his associates. When pull-out does take 
place it usually occurs on the first swing or not at all. 
High-resistance dampers should be of value regardless 
of the nature of the oscillations and from this view- 
point are more desirable. Double-deck or similar 
dampers are somewhat of a compromise, conferring to 
the machine some damping characteristics (but not 
as much as though both windings were of copper) and 
at the same time increasing the stability limit because 
of the increase in power absorbed by the damper (but 
not as much as for a higher resistivity material occupy- 
ing the same space and using the same temperature; 
a loss must result either in stability limit or in tempera- 
ture tolerance). These conclusions are premised upon 
a given pole shoe. Of course, more effective dampers 
can always be installed if more space be made avail- 
able, by increasing the distance from field coil to the 
outer edge of the pole shoe. This necessarily increases 
the diameter of machine and results in a greater in- 
crease in cost than is justifiable by the improvement in 
stability. 
Appendix I 
EFFECT OF DAMPER CURRENTS DURING AND FOLLOWING 
FAULTS 

Symmetrical or unsymmetrical faults on simple 
two-machine systems can always be reduced to an 
equivalent circuit of the form shown in Fig. 9A in which 
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x, is a shunt reactance across the terminals of the 
machine and x, a series reactance. Assuming an 
infinite bus at the receiving end of voltage E, the shunt 
admittance, shown dotted, will not enter the problem. 
The power output of the machine in terms of the 
internal voltages in the two axes e,’ and e,” and the 
corresponding reactances xq’ and x,” may be obtained 
as follows. 

Referring to Fig. 9B 


: er ae viet ats e—FE 
ta-—Jta Hts +t. = Gy = ja 
ft 1 ) . E 2 
FANE sre Co fa (7) 
But 
os €q’ — Lal’ ta t+ a (et ee vs rhe Ces) (8) 
E = Ecos 0—jEsin 0 (9) 
Substituting e and E 
. ate ee oe } Jo (Xe Le) Ca, 
te MZ aac Re Apna 
Cig nie ie apt eee BR) Ls 
a AT gins tgt FEL, +) 7,008 On sin @ 
Equating reals and imaginaries 
r Cs Se Xe) a : ie a =.) ” 
4; [1 + Fuchs =~, sin 6 + ee eq 
or 
= Hsin 6 
Disp. iy cig. Ge ae eee aos 
(ts + Ze) ‘ 
i ee EY ta? bthe ql ° (10) 
and 
ri (33 re eh a] Xs = Le P 
ia[ 1+ aoe sey ae eq’ — me ie 
or 
Se ab Xe , 
iy Gets. chee sch" ghey! me 
ee tee Wel taut a E pee Wk 
Or eee ee ty Xs on ae 
Letting 
K 4 PL ass | 12 
le yh ae a eer ae ( ) 
Lean Doo 
Ky i , Le + We Lq" a ig oe (13) 
Le + Le 
K; = (14) 


Peta Le Carte eanke 
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Us 


HS ae Us Mg Lee’ + Ha! Xs oan 
then 

1, = KiEsn 6+ Kze," (16) 

la = K; C4’ = K,H cos 6 (17) 


Power Output of Machine = P 

P = (€q' — Ua! ta) tq + (— Cg” + XQ" %q) Va 
= €a' tq — Cg" ta + (4q" — La’) ta tg 

Substituting values of 72 and 2, 
P=K,e,' Esin 6+ K, ea’ e,"+K3e," €a’ + Ke," Ecos 0 
+ (@_"—2“a')K, K3;Heq'sin 0— (4@,"—“4')K2 Ki EH e,” cos 0 
+ (@_"—24') Ko Kz eq” €a’— (%q"—4a')K; K, E? sin 0 cos 0 
=[— K3ea’ + Ko ea’ + (@q" — Xa’) Ko Kz €a'] €," 
+ [Ki ea’ EH + (”,”" — xa’) Ki Kz E eq’| sin 0 
— [(@," — ta’) K2 Kg E— Ky, E)e,” cos 0 
Substituting the values of K, and K; in the coefficient 


Fig. 10—Vercror DiaGRaAM FoR SyNcHRONOUS MacHINE 
SHOWING RELATION BETWEEN TRANSIENT AND SUBTRANSIENT 
REACTANCES 


of e,”, it will be-seen to reduce to zero, and there results 
P=({[1-+ (a,” — xa’) Ks] Ki E ea’ sin 0 
+ [1— (a,” — va’) Ko] KsE e,” cos 0 | 
yas /) K3 K 
_ [ a ee E? sin 2 6 
2 
When the power expression is used in terms of e2”, x2” 


must be substituted for x,’ in both the power expres- 
sion and the evaluation of K; and K.. 


(18) 


d 7) y 
DETERMINATION OF €4” (steady state) AND ap 


The steady state value of 7, may be obtained for any 
given angle by using the above developed formula for 
7, and letting e,” therein be equal to zero and x,” = 2,, 
therefore 


; Vs ; ; 
Lue i ay erence oe ees (19) 
For steady state conditions, from Fig. 10 
Cg— eq) = (Xg— XQ") ty 
and since e, = 0, then 
‘ — (%y— Xq') Le F 
Ca" (stead state) (Gq~ aq" Nha *, aXe. tte Lg + LqXs “s a g 


(20) 
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Substituting ¢,” (steady stae) IN Equation (6) 
(Xq 538 oF) Xs 


de," Fe egy, RN ae 
cit? To" oo, 
q 
Substituting 4" (seady state) in Equation (6) 
de," 1 Ca oe eee ] 
= —-.- A 1 CoN u 
Ae. T,’ lax, 4+ 2.2%, + 2, 2, E sin §— e, 
| (22) 


Appendix IT 


NEGATIVE SEQUENCE RESISTANCE 


The nature of the negative sequence resistance is best 
visualized by analyzing the phenomena occurring in 
induction motors. Fig. 11 shows the usual equivalent 
circuit* of an induction motor in which 


ry, = Stator resistance 

x, = Stator leakage reactance at rated frequency. 

r, = Rotor resistance. 

x, = Rotor leakage reactance at rated frequency. 

Zm = Shunt impedance to include the effect of 
magnetizing current and no load losses. 

EH, = Applied voltage. 

I, = Stator current. 

I, = Rotor current. 

& =) Slip. 


All of the above quantities are assumed to be given in 
per unit quantities. 
The justification for this diagram may be seen briefly 


Fia. 11—E@viIvaLent Circuit or Inpuction Motor 


as follows: The air gap flux due to the currents J, and 
I, induce the voltage H; in the stator and s E; in the 
rotor. In therotor the impedance drop is 

Tele 7S op ls 


since the reactance varies with the frequency of the 
currents in the rotor. The rotor current is therefore 
determined by the equation: 


Si te 7 Sop, 


, 


Sed aed te Le (23) 


or E; = 
s 


It follows from this equation that the rotor cireuit can 
be completely represented by placing a circuit of im- 


rt 
pedance ag + ja, across the voltage H;. The total 


*For more detailed description of this circuit see any standard 
text book such as Ralph R. Lawrence’s, ‘Principles of Alter- 
nating Current Machinery.” 
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Ui 
power absorbed by 4 must be the sum of the rotor 


losses and the useful shaft power, so that, resolving 


Ca : s 
SRST into the resistances r, and r, the power ab- 


sorbed by 7, represents the rotor copper loss and the 


FS 
power absorbed by r, represents the useful shaft 


power. 


Neglecting 7, and the real part of Z,,, the only real 
power is that concerned in the rotor circuit. 


Now assume that the induction motor is loaded by 
means of a d-c. generator connected to the shaft. At 
small slips the electrical input into the stator is equal 
to the copper loss, that is, the I,” r, of the rotor, plus the 
shaft load. With the rotor locked the shaft load is zero 
and the total electrical input into the stator is equal to 
the rotor copper loss. At 200 per cent slip, 7. e., with 
the rotor rotating at synchronous speed in the reverse 
direction, the copper loss is J,27,, the electrical input 


2 
at 


into the stator is 5 and the shaft load a I? 
th Ur . . . 
OF etic A negative shaft load signifies that the 


d-c. machine instead of functioning as a generator is now 
a motor. Physically that is just what would be ex- 
pected, for, as the slip increases from zero the shaft 
power increases to a maximum and then decreases to 
zero for 100 per cent slip. A further increase in slip 
necessitates motion in the opposite direction, which 
requires a driving torque. It will be observed, there- 
fore, that at 200 per cent slip, the electrical input into 
the stator is equal to the mechanical input through the 
shaft, half of the copper loss is supplied from the stator 
and half through the shaft. This is the condition ob- 
taining with respect to the negative sequence in which 
the rotor is rotating at a slip of 200 per cent relative to . 
the synchronously rotating negative sequence field in 
the stator. Half of the machine loss associated with 
the negative sequence current is supplied from the stator 
and half by shaft torque through the rotor. 


The factor of fundamental importance is the power 
supplied by the stator and through the shaft, which 
can always be determined by solving the equivalent 
circuit involving the stator and rotor constants and the 
magnetizing current constants. A more convenient 
device, since s is constant and equal to 2 for the nega- 
tive sequence, is to reduce the equivalent network to a 
simple series impedance as shown in Fig. 12. The 
components of this impedance will be called the nega- 
tive sequence resistance R. and negative sequence 
reactance X». The values of these constants are also 
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given in Fig. 12. The current flowing through the 
negative sequence impedance is the current flowing 
through the stator of the machine and the power loss in 
R, is equal to the loss supplied from the stator of the 
machine and the loss supplied through the rotor. 

The total electrical effect of the negative sequence 
resistance is obtained by inserting the negative sequence 
resistance in the negative sequence network for the 
system in the usual manner and solving the network in 


Ks ly IX; {; 


Kn( 1244 XpXm+ 4X7) 
(2 +4 (Xmt xr) 


2tr Xm . 
42+ 4(Xm*+x,)2 ? 


a 


X2=[Xs+ j 


C 


Fig. 12—DE8vVELOPMENT OF NEGATIVE SEQUENCE RBESIS- 
TANCE AND REACTANCE FROM EQUIVALENT Circuit or INDUC- 
TION Motor 


a. Negative sequence diagram for induction motor 
b. Neglecting armature and no load losses 
c. Simplified network—negative sequence resistance and reactance 


the usual manner. All three of the sequence currents 
are thus affected by a change in the negative sequence 
resistance. The total electrical output of a generator 
is equal to the total terminal power output plus the 
losses in the machine. However, since the negative 
and zero sequence power outputs are merely the 
negative of their losses the eontribution to the electrical 
output by the negative and zero sequences is zero. 
The total electrical output is therefore that due to the 
positive sequence and to include the positive sequence 
armature resistance loss it is only necessary to use the 
positive sequence internal voltage in the calculations. 
Or viewed differently, since there are no internal gener- 
ated voltages of the negative and zero sequence, the 
corresponding internal power must be zero. In addi- 
tion to this electrical output which produces a torque 
tending to decelerate the rotor, there also exists the 
negative sequence shaft power supplied through rotor. 
It was shown that the value of this power tending to 
decelerate the rotor is numerically equal to the negative 
sequence power supplied to the stator which is equal to 
the loss absorbed by the negative sequence resistance. 
Therefore, the total decelerating power is equal to the 
positive sequence power output plus the loss in the 
negative sequence resistance. 

The assumption was made that the stator resistance 
and the losses in magnetizing branch were neglected. 
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The justification for this assumption lies in the fact 
that they are usually small so that their effect on the 
net result is unimportant and in addition, in the com- 
parative analysis under consideration, the difference 
will be completely submerged. For greater refinements, 
the stator resistance and the losses in the magnetizing 
branch can be taken into consideration by substituting 
them in the equivalent circuit and reducing that circuit 
to a simple series resistance and reactance, wherein the 
resistance becomes the negative sequence resistance and 
the reactance the negative sequence reactance. The 
ratio of the negative sequence shaft power to the nega- 
tive sequence stator power is then equal to the ratio of 


the power loss in or for unit negative sequence current 
in the stator to r.. This ratio can be obtained very 
easily by test by measuring the shaft torque and the 
negative sequence input when negative sequence volt- 
ages only are applied to the stator. 

While this analysis has premised induction motor con- 
struction, the conclusions may also be applied to multi- 
circuit rotors. 

The significance of these considerations may be illus- 
trated by a description of the method utilized to deter- 


Driving Motor eulley 
c b 


Kq and xg 


4 I— 
if IK2 


1p 


Fig. 13—NeEGATIVE SEQUENCE RESISTANCE OF SYNCHRONOUS 


MacHINES 


mine the negative sequence resistance. For this pur- 
pose two terminals of the machine under test were short- 
circuited and the machine driven at rated frequency by 
means of a d-c. motor. The equivalent circuit and 
vector diagram for this connection are shown in Fig. 13. 
The positive sequence reactions are resolved into the two 
axes—the direct and quadrature. The positive se- 
quence power at the terminals is equal to the product 
of e, and J, and the cosine of the angle ¢. It will be 
observed that this power is positive. However, the 
negative sequence power output is equal to és, J. and 
the cosine of the angle between e, and J2, and since I, — 
= — J,,and e; = és, the negative sequence power output 
is the negative of the positive sequence power output, 
which, of course, must follow since the output of ma- 
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chine is zero. A negative output is equivalent to a posi- 
tive input. This input is equal to r.J.?._ Therefore, 
the positive sequence terminal output is r. J.? and the 
total shaft load due to the positive sequence is equal to 
ro I+ 7,1,7. It has been shown that the negative 
sequence shaft load (neglecting the armature resistance) 
is equal to the negative sequence input or 7.J.%._ In- 
cluding the armature resistance but still neglecting the 
loss in the magnetizing branch and harmonics the 
negative sequence shaft load, since J, = I,, is 
(ro — 11) I... Therefore, the total tool input into the 
a-c. machine is equal to r. J.2 + 7:72 + (r2— 11) I? or 
os To I oe and 


ike input yi 
ievapora QT p 24) 
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Discussion 


W. F. Skeats: The author has pointed out that a damper 
winding has the effect of increasing the breaker duty from the 
point of view of increased current, but of decreasing the duty 
from the point of view of recovery voltage. JI am in agreement 
with these statements. 

It may be added that a high-resistance damper increases the 
current less and, if the breaker operates in about one-tenth of a 
second, decreases the recovery voltage more than does the low- 
resistance damper. ‘ 

However, an additional and more pronounced effect upon 
breaker operation is found in the ease of three-phase short 
circuits. Here the current is limited by the direct-axis sub- 
transient reactance of the machine, whereas the recovery voltage 
of the first phase to clear is determined by the quadrature-axis 
subtransient reactance. This is because at the time of clearing, 
the phase clearing first links the quadrature axis of the machine. 
As a result, the recovery voltage of the phase clearing first suffers 
a factor equal to the ratio of quadrature to direct subtransient 
reactance, which may be as high as 2.5, on machines without 
amortisseur windings, and is only 1.1 or 1.2 on machines with 
amortisseur windings. 

That this effect is important is strikingly demonstrated by a 
series of tests made on the system of the Northern States Power 
Company in September, 1925. The same plain-break oil circuit 
breaker was tested with power supplied from the Riverside steam 
station through step-up and step-down transformers and a 43- 
mile, 110-kv. transmission line and with power supplied directly 
from three water-wheel generators at Wissota. The results of 
these tests are shown in Table I. It will be noted that in spite of 
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the slightly lower voltage at Wissota, the duty, as measured by 
breaker distress, was several times as great. Undoubtedly the 
existence of the long transmission line between the generator and 
the short-circuit point was partly responsible for the difference in 
breaker performance, but it is my opinion that the use of water- 
wheel-driven generators also had a decided influence. 

This effect appears in three-phase short circuits and in two- 
phase-to-ground short circuits with very low zero phase sequence 
reactance. While these are not the most common types of short 
circuit, they are likely to be the most severe, and are therefore of 
importance. 

This phenomenon will be influenced only to a very slight extent 
by the resistance of the amortisseur winding. 


TABLE I 
Sourcesof POWer g., toaense ihe dete eo ec a ee Riverside Wissota 
INEM berZOL tests: mader,.. ary -yacres ate eae ere ee 2 5 
R. m. s. line-to-line volts before short circuit......... 15,000 13,200 
Average initial r.m.s. current in the arc............ 1,400 1,420 
Enchés' Of are) 2) alee Arca tiset. oh aee oe ete ae 1.2 4.8 
Half cycles Of Bre. att cr eee acto eee oe 3.5 10.0 
Maximum pressure, 105/80.) 10.002 12a seers cin eit 6.5 36.0 


P. L. Alger: This paper presents a most interesting analysis 
of the stabilizing effects of amortisseur windings, which brings 
out very clearly the advantages of high-resistance amortisseur 
windings under prolonged fault conditions. Our studies of this 
subject have led us to conclusions in general accord with Mr. 
Wagner’s, though more favorable to low-resistance amortisseurs 


en09 istance Amortisseur 
a 0.35 R2-"% =0.16 
2 No Amortisseur 
0 X2-(), 
z 
Ss 
uu 0.3 : Infinite ~~ 
a . Hey ~ 
Bus 
Sern e fo) pee ea ee 
0.6 “Line to Line Fault 


0.59 5 0.2. 0.8 0.9 


0.3 0.4 0.5 0.6 0.7 
SWITCHING TIME IN SECONDS 
Fig. 1—Power Tuat Can BE CARRIED THROUGH THE First 
Swing witH A Line-ro-Line Fauutt By A Watrer-WHEEL 
GENERATOR WITH AND WITHOUT AMORTISSEUR WINDINGS 


than his. The accompanying figure gives our results comparable 
with those for a line-to-line fault given in Fig. 34 of the paper. 
They assume the most favorable design of amortisseur in each 
case, and also assume infinite inertia at the receiving end. 

An amortisseur winding produces three principal effects on 
stability, due respectively to its damping and braking torques, 
and to the increased fault current, resulting from the reduced 
negative phase sequence reactance. 

The damping torque opposes all speed oscillations, and so is 
always beneficial. To secure an increased stability limit by this 
means, it is essential to make the damping torque large, while 
the generator is swinging from its full load angle toward the pull 
out angle, or in the neighborhood of 90 deg. displacement. This 
can be secured by putting maximum copper in the direct axis of 
the amortisseur. 'The amortisseur winding whose damping 
torque angle curve is shown in Fig. 5 of the paper has three times 
as much resistance in the direct axis as in the quadrature axis 
(T oq” = 3 Toa"), and it is, therefore, not very effective, as in- 
dicated by its relatively low damping at the important 90 deg. 
point. 
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By thus designing a low-resistance amortisseur for maximum 
conductivity in the direct axis, an appreciable gain in stability 
limit can be secured from damping. If the fault was cleared 
instantaneously, this would be the only effect of the amortisseur, 
and so the initial point on the power time curve of the copper 
amortisseur is the highest of all, as shown in the figure. Besides 
the direct stability gain shown, a low-resistance amortisseur is 
beneficial during all system disturbances, in synchronizing, in 
damping out oscillations due to high-line resistance or faulty 
regulator action, and in holding machines in the same station 
together. 

The increased fault current resulting from the reduced negative 
phase sequence reactance lowers the sending end voltage, and 
hence the power transferred, during the period the fault is on. 

This effect can be minimized by designing the amortisseur 
with open end rings between poles, thus increasing the quadrature 
axis subtransient reactance without materially affecting the use- 
ful damping torque. 

Also, if an unsymmetrical fault stays on an appreciable time, 
the negative phase sequence currents induced in the amortisseur 
produce resistance losses, and consequent braking torques on both 
generating and receiving end machines. Usually, the braking 
torque on the generator is about ?/; of the whole, so that with a 
high receiving end inertia compared to the generator inertia, the 
receiving end is not slowed down appreciably. However, the 
assumption of infinite receiving end inertia gives the maximum 
possible gain for the braking torque, and the actual gains in prac- 
tise will be much less than those shown, if the receiving end inertia 
is not large. 

By designing the amortisseur for maximum negative phase 
sequence resistance, a large gain in stability limit can thus be 
secured, for prolonged switching times. As the figure indicates, 
the braking torque of the high-resistance and the damping torque 
of the low-resistance amortisseur give equal benefits at about 
0.05 seconds switching time, the high-resistance amortisseur being 
better for longer times. 

I believe that the use of a low-resistance amortisseur is gener- 
ally desirable, on account of its favorable damping action during 
all system disturbances, though its over-all effect on the stability 
limit is small. The use of a high-resistance amortisseur may be 
justified occasionally, but the actual gain in stability obtainable 
is small, if high-speed switching is used, while a risk of overheating 


on unbalanced loads is incurred. Hither type gives an important . 


reduction in recovery voltage on clearing a fault, and hence a 
reduction in switch duty. 

C. F. Wagner: Mr. Skeats discusses the effect of damper 
windings upon recovery voltage having in mind in particular 
the comparison of high- and low-resistance dampers. His state- 
ments point to the conclusion that the difference in recovery 
voltage as influenced by the resistance of the damper winding 
is negligibly small. The case which shows up the low-resistance 
damper winding to best advantage in this regard is the three- 
phase short circuit but even in this case the effect of the damper 
winding resistance is negligibly small. As evidence of this fact 
we might refer to the criterion of recovery voltage suggested in 
Messrs. Park and Skeats’ paper in which it was stated that the 
recovery voltage is dependent upon the value of zg”. For the 
high-resistance damper discussed in my paper this value is not 
much different from that of the low-resistance damper winding. 
It follows. therefore that for the range of damper winding resis- 
tance under consideration the resistance has little effect upon 
the recovery voltage. 

Mr. Alger questions the choice of the direct axis time constant 
arguing that since 7'go." =3 74a" the distribution of damper 
copper must be such that there is three times the copper effective 


WAGNER: DAMPER WINDINGS FOR WATER-WHEEL GENERATORS 


Transactions A. I. E. E. 


in the quadrature axis as in the direct axis. Time constants, 
however, are not only dependent upon resistance but also upon 
inductance which accounts for the difference. Subsequent to 
the presentation of the paper I recalculated the effect of the 
induced currents in the damper bars for the larger values of time 
constants. 

Results of these calculations for fault conditions again show 
that the unidirectional induced currents in the field winding, 
even with copper dampers, are extremely small in influencing the 
stability limits for the reasons elucidated in the paper. For high- 
resistance damper windings this effect is altogether negligible. 

This discussion of effects of the order of one or two per cent 
calls for a review of the original assumptions. It will be recalled 
that the double frequency and the d-c. transient components of 
current in the armature were neglected. The former is always 
extremely small in its effect upon the power limits but the latter 
under certain cases may well reach values of the order of several 
per cent. The d-c. transient in the armature produces a station- 
ary field which produces currents of system frequency in the 
damper windings. This phenomenon is very similar to that 
produced by the negative sequence currents in the armature 
except that the negative sequence currents produce currents of 
double frequency in the damper windings. The loss associated 
with the d-c. component of armature current is therefore pro- 
portional to the negative sequence resistance and is much greater 
with high-resistance damper windings than with low-resistance 
damper windings. 

Including the effect of the d-c. transient in the armature as 
well as the d-c. transient in the damper windings, the detailed 
calculations show that the power limit curve plotted as a function 
of the time of fault duration is always higher for the high-resis- 
tance damper winding than for the low-resistance damper 
winding. Mr. Alger’s argument that the two curves eross at 
0.05-second switching time is therefore fallacious. I do not wish 
to emphasize by this discussion the importance of these small 
differences except to point out that, whereas Mr. Alger accredits 
their small beneficial effect to the copper dampers, their net 
effect when the d-c. component in the armature is considered is 
in favor of the high-resistance damper. These results were 
obtained by assuming an even larger value of 7,4” than suggested 
by Mr. Alger. 

Mr. Alger also suggests designing the damper winding with 
open end rings between poles in an effort to minimize the nega- 
tive sequence current. My associates and I have given this 
some consideration. Tests were made on the 5,000-kv-a. con- 
denser previously referred to with the end rings insulated. 
Whereas zg” with the high-resistance damper and with the end 
ring connected was 0.37, with the end ring insulated zg” was 0.50. 
These values compare with zg” without dampers of 1.06. It is 
true that*the open end ring produces a somewhat higher value 
negative sequence impedance but it ean only do so by increasing 
zq". Using the argument of Mr. Alger’s associates, Mr. Park 
and Mr. Skeats, a high value of z¢” results in a higher recovery 
voltage on opening the circuit and increases the duty on circuit 
breakers. 

To recapitulate, the larger values of time constants T'go” 
and Tg.’ suggested by Mr. Alger’s discussion do not produce any 
appreciable increase in power limits and although these effects 
are small when the effect of the d-c. armature transient is also 
included in the analysis, the high-resistance damper inereases 
the power limits above those shown in Fig. 3 by an amount 
greater than other types of dampers. High-resistance dampers 
should show up better, relatively, than these curves indicate. 
Open end rings would only be effective at the expense of increas- 
ing the recovery voltage. 


Outdoor Switching Equipment 


at Northwest Station Commonwealth Edison Company 


BY W. F. SIMS: 
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Synopsis.—This paper describes the switching equipment and 
its arrangement in an outdoor switching center at 182, 66, and 12 
kv., in connection with an installation of three-winding trans- 
formers. This installation is a junction point on an interconnected 
system, from which energy is distributed at the lower voltage. 

The development of the original 12-kv. installation with indoor 
type of equipment enclosed in metal housings and concrete cells 
zs described. The reasons leading to its extension with metal- 
clad otl-filled gear are also discussed. 


and 


C. G. AXELL? 
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A feature of this metal-clad oil-filled installation is that it is 
laid out on an isolated phase basis with wide separation between 
phases, which is the first time that this arrangement has been at- 
tempted with this type of equipment. 

Included in the design are complete facilities for grounding 
and testing of the equipment, which are fully interlocked to insure 
maximum safety in their use. 

A brief discussion of costs as compared with indoor installations 
zs also given. 


GENERAL 


HEN the installation of the first 182-kv. under- 
ground cable to the Northwest Station of the 
Commonwealth Edison Company was planned, 

as a part of the interconnection of systems in the 
Chicago area, the design of suitable terminal arrange- 
ments became an important problem. 

It was necessary to make provision not only for 
the 132-kv. equipment, but also for the connections 
of the transformers to the 12-kv. buses in the switch- 
house and for additional 12-kv. feeders to serve the 
growing demand in this district. Consideration of 
the requirements of the development of the 66-kv. 
inter-station tie line system which would connect 
with both the 182- and 12-kv. systems, also had to be 
taken into account. 

Studies of the problems involved resulted in the 
development of an outdoor installation with equip- 
ment to serve three different voltages, namely 132, 
66, and 12 kv., of sufficient size to meet the present 
demands and to provide space for additional equip- 
ment at all three voltages for future needs. The 
terminal was designed on the isolated-phase basis 
with double buses on both the 66 and 12-kv. portions. 
Single-phase three winding transformers are centrally 
located between the 132- and the 12-kv. switch yards 
with the 66-kv. switch yard adjoining the 1382-kv. 
installation. The terminal is located about 150 ft. 
east of the Northwest Station switchhouse, on the 
opposite side of a public street. 

Fig. 1 shows the arrangement of this terminal with 
the present equipment, together with the space avail- 
able for future extension. 

The general diagram of connections is shown in 
Fig. 2. 

1. Asst. Engr. of Inside Plant, Commonwealth Edison Co., 
Chicago, Illinois. 

2. Engr. of Elec. Design, Commonwealth Kdison Co., 
Chicago, Illinois. 

Presented at the Middle Eastern District Meeting No. 2, of 
the A. I. E. E., Philadelphia, Pa., October 13-15, 1930. 


At present the terminal connects to two 132-kv. 
lines from the Waukegan Station, two 66-kv. lines 
from the Crawford Avenue Station and to sixteen 
12-kv. lines to substations in the Northwest Station 
zone, with tie line connections to the indoor 12-kv. 
buses in the switchhouse. All of these lines are 
underground. 

The circuit breaker control and the metering equip- 
ment are mounted on panels in the operating gallery 
of Northwest Station. The layout of the control 
wiring from the terminal to the gallery required care- 
ful attention. All of this wiring is in underground 
conduit and so located as to secure the best possible 
segregation between the wiring for different sections. 

The control for the motor-operated  disconnective 
switches is installed in weather-proof metal boxes, 
mounted on the structure, and in the case of the 132- 
and 66-kv. installations is so located that the operator 
can observe the operation of the switches. 


1382-Kv. INSTALLATION 


In the selection of the breakers, calculations showed 
that they might be called upon to interrupt the cir- 
cuit, under certain conditions of system operation, 
with voltages as high as 145 kv. Therefore circuit 
breakers of the 154 kv. class were chosen for this 
service. On the basis of calculated three-phase in- 
stantaneous short-circuit conditions a rated interrupt- 
ing rating of 1,500,000 kv-a. at 154 kv. was specified. 

Each breaker consists of three outdoor single-pole 
600-ampere wheel mounted tanks, each provided with 
a separate solenoid operated mechanism, both me- 
chanically and electrically trip free. The three poles 
are only electrically interlocked, with the operating 
coils connected in parallel. 

Bushing type multi-ratio current transformers are 
mounted in the tanks for the recording and indicating 
switchboard instruments and for operating the relay- 
ing system. 

The breaker poles are installed between concrete 
walls with the poles of like phase grouped together, 
the center to center spacing being 16 ft., 8 in. 
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Oil drain and supply piping has been installed with 
arrangements for portable flexible connections to the 
switch tanks. This piping is connected to under- 
ground tanks which, with the necessary pumping and 
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grounded separately. These are both mechanically 
and electrically interlocked with the corresponding 
disconnective switches so that neither can be closed 
unless the other is fully open. A low-voltage knife 
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filtering equipment, are located convenient to a nearby 
railroad track. 

All disconnective switches are made up of three 
single-pole motor-operated elements, connected in 
parallel for simultaneous operation and a minimum 
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gap of 58 in. between live parts when in the open 
position. 

Motor-operated grounding switches are installed 
for grounding the lines and transformers, with the 
control circuits so arranged that each phase will be 


Feeeood beeeee) Gece 
Kee Pie o [ners 
eres Fj averaa ff orcas 
Po FT 
1a Maa CR 


eee Installation 
a 
a 


Fic. 1—GrneraL ARRANGEMENT OF OvUTDOOR TERMINAL 


Northwest Station 


switch is installed on the ground side of each line 
grounding switch, so that the latter may be disconnected 
from ground and used for applying low voltage tests 
to the cables. 

_ 66-Kv. INSTALLATION 


In the layout of the 66-kv. switch yard, it was neces- 
sary to provide for considerable flexibility in so far as _ 
bus sectionalizing is concerned, so that in the ultimate 
installation the proper distribution of transmission 
lines and transformers on the bus sections may be 
secured. 

As shown in Fig. 3, the switch yard is divided into 
three zones each 54 ft. wide and containing the equip- 
ment for one phase. 

The layout of the 66-kv. buses is on the isolated 
phase basis with a main and an emergency bus. Each 
bus is divided into two sections so as to conform to 
the general scheme of sectionalizing of the system. 

The supporting structure is made up of simple 
columns and cross connections using standard beams 
and channels. For each phase the structure is in 
three parts, with solidly grounded double metal screen 
barriers between adjacent phases for the entire length of 
the structure, in order to prevent any possible flashover 
between phases. The central part, which is insulated 
from ground, supports the buses and connections and 
is not tied in with the two outer parts. These two 
parts are both grounded. On one part are mounted 
the 66-kv. cable potheads, potential transformers and 
disconnective switches for the transformer connections 
and the other supports similar equipment for the 
66-kv. lines. 
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The ungrounded center section of this steelwork is 
used as a fault bus for the protection of the 66-kv. 
buses and disconnective switches connected thereto. 

As in the 132-kv. installation three single-pole 
separately operated, electrically interlocked breakers 
are used for each three-phase unit.. The operating 
coils are in parallel and no mechanical interlock is 
used. These breakers have a rated interrupting 
capacity of 1,000,000 kv-a. at 66 kv. 

Due to the use of a 30-ohm neutral resistor, the 
possible voltage to which the breakers may be subjected 
under fault conditions, with the regulating transformers 
in the position of maximum boost, will be of the order 
of 76 kv. This determined the selection of 88-kv. 
breakers, which is the nearest manufacturer’s rating 
above this value. 
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supports are required for the buses as the selector 
disconnective switch insulators serve for that purpose, 
the disconnective switches being installed horizontally 
on the top of the structure. 

All disconnective switches are made up of three 
single-pole motor-operated elements with the motors 
connected in parallel. Those for the lines and trans- 
formers are equipped with a motor-operated grounding 
blade, insulated for 7,500 volts and are individually 
operated. These are mechanically and _ electrically 
interlocked with the main blades. Provision is made 
for connecting low-voltage test circuits to the line 
cables through the grounding blades. The motor-oper- 


ated grounding blades on the bus section switches 
which are used for grounding the buses, are also 
similarly fully interlocked. 
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Each breaker pole is individually frame mounted 
with tank lifting devices for lowering the oil pots for 
inspection and repair. The line and transformer 
breakers have multi-ratio bushing current transformers 
for relays and meters. Only one three-phase oil circuit 
breaker is installed for each transformer and for each 
line, the connections between these breakers and the 
buses being made through two sets of selector dis- 
connective switches. 

These single-pole breakers are arranged in two rows 
for each phase, located between the main and emergency 
buses. This makes a very simple layout for the 
connections between the breakers and the disconnective 
switches and allows ample space for the removal of 
the tanks. With this arrangement no extra insulator 


12-Kv. METAL HOUSED INSTALLATION 


There was no space available in the switchhouse for 
the additional 12-kv. switching equipment required. 
On account of space limitation, an extension of the 
building on the isolated phase basis could not be worked 
out satisfactorily and sufficient room was not available 
to provide for expected future requirements. These 
conditions together with the rising costs of building 
construction, led to a study of the possibility of an 
outdoor 12-ky. installation, in connection with the 
high-voltage transmission terminal where sufficient 
space was available to provide for the probable ulti- 
mate needs. Preliminary studies indicated that a 
satisfactory layout could be made on an isolated phase 
basis, with breakers of adequate rupturing capacity, 
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which could be located within a short distance of the 
power transformers. 

The original idea was to make a conventional type 
of outdoor installation using standard outdoor equip- 
ment. Estimates of cost indicated a probable saving 
as compared with the indoor installation including the 
cost of building. As a higher degree of reliability of 
service was required than could be realized with a 
conventional grouped phase-open bus type of outdoor 
structure, a modification in design was brought about. 
This developed into an isolated phase installation with 
the breaker equipment mounted in steel housings 


Auxiliary Bus 
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The first installation, which used a standard type 
of indoor breaker installed in a metal housing, provided 
for two 60,000-kv-a. banks of transformers, four 12-kv. 
distribution lines and two tie lines to the indoor 12-kv. 
buses. The scheme of connections follows the usual 
layout in all of the generating stations of the company. 
This provides for two main buses with line buses. 
accommodating four distribution lines each, connected 
through group breakers to the main buses, with circuit 
breakers for connecting the transformers to either of 
the main buses. Six hundred ampere breakers are 
used for the lines, 2,000-ampere for the group switches 
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installed in concrete compartments. The estimated 
cost of this design as developed, including the additional 
breakers required for tie: lines, approximated that for 
a standard isolated phase indoor installation with the 
building cost included. However, the apparent possi- 
bilities of the outdoor scheme and the expectation that 
the future development of the project would tend to 
reduce these costs, together with the fact that an exten- 
sion of the present switchhouse would include the cost 
of additional space for future installation, led to the 
decision to make a trial installation of 12-kv. equip- 
ment on this basis. 


and 3,000-ampere for the transformers and tie lines. 

The equipment for each phase occupies a space of 
40 ft. in length with 10-ft. aisles between phases. 
This corresponds to the phase segregation in the 66-kv. 
switch yard. Fig. 4 shows the general arrangement. 

There are two concrete structures for each phase 
7 ft. 8 in. wide and 15 ft. high with an operating space 
of 5 ft. 7 in., between structures. In each structure 
there is a longitudinal wall to separate the mechanisms 
and the testing and grounding equipment from the 
breaker tanks. Concrete barriers on the breaker side 
of the division wall, provide cells for seven single-pole 
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breakers in each structure. There are no barriers on 
the mechanism side of the division wall. 

The breaker tanks and the disconnective switches 
are mounted in sheet metal housings 1% in. in thick- 
ness, which are installed in the concrete cells and are 
insulated from the concrete by porcelain insulators 
good for 7,500 volts, in order that the housings may serve 
as an integral part of the fault bus system. Access to 
the breakers is given through a double hinged door in 
the lower part of the housing with a small single door 
in the upper portion to give access to the disconnective 
switches. Weather proof strips cover the space be- 
tween the housings and the concrete. The compart- 
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The main buses, which are designed for 6,000 am- 
peres, are installed in compartments carried across the 
ends of the structure near the top. They are made up 
of eight copper bars of 4 in. by 14 in., arranged to form 
a hollow square section and are supported on pin type 
insulators having a dry 60-cycle flashover of 70 kv. 
and a tensile strength of 12,000 lb. 

Reactors of the outdoor type for the lines and trans- 
formers are mounted on the top slab of the structure. 
The connections to these reactors are carried through 
this slab in roof type bushings. 

Cables and control conduit and wiring are carried 
through an open space below the ground level. Termi- 


|__ Disconnective 
Switches 


\ 
| a | 


Se ear ae, 


Oil Breaker 


z See) Le 
Breaker Mechanism 


SECTION — 


Reactor 


R 
sw, 


Go 

eactor 
p 

o 


TRANSFORMER BUS WALL 


Fia. 


Test Clips 


Sheet Metal 
Housing 


se 


SECTION 


5--ELEVATIONS AND SECTIONS OF ONE PuHaseE oF 12-Kv. INSTALLATION IN SHEET Merrat Housines 


Northwest Station 


ments on the opposite side of the longitudinal wall are 
also enclosed by weather proof metal doors, and house 
the operating mechanisms for the circuit breakers and 
the motor-operated disconnective switches. The test 
and ground buses with the necessary selector knife 
switches for grounding and testing, are also installed 
in these compartments. The mechanisms for the 
oil circuit breakers and the disconnective switches are 
mechanically interlocked to prevent improper operation, 
and the selector knife switches for grounding and testing 
are interlocked with the disconnective switches. To 
prevent condensation, space heaters are installed in 
all compartments. 


nal boards for the control and instrument wiring are 
mounted in weather proof metal boxes at the ends of 
the structure. 

Circuit breakers of the indoor type having a rated 
interrupting duty of 800,000 kv-a. at 12 kv. and insu- 
lated for 25,000 volts, were selected. This voltage 
rating, which was also used for the bus and discon- 
nective switch insulators, was chosen in order to ob- 
tain a high margin of safety. This was deemed neces- 
sary as there was no assurance of entire absence of 
moisture in. the housings and as this was the first 
outdoor 12-kv. installation on the system, especial 
attention was given to the insulation. 
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Each three-phase breaker consists of three single- 
pole units installed on 50-ft. centers with separate 
mechanically trip free mechanisms, the solenoids of 
which are connected in parallel for simultaneous 
operation. An operating relay controls the operation 
of each pole. 

Each pole is truck mounted, with roller bearing 
wheels and provision is made for securely holding the 
trucks in position on the rails in the housing. The 
breaker tanks may be withdrawn from the housings 
on to a transfer truck having a motor-operated winch. 
A repair house located adjacent to this installation, 
equipped with a hoist and oil piping connections affords 
the necessary maintenance facilities. 

The circuit breakers and the disconnective switches 
are connected to their respective mechanisms in the 
rear compartment by means of insulated rods, which 
pass through gas proof gaskets mounted in castings 
set in the concrete wall. The operating mechanisms 
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hand operation, when in the open position, for further 
movement to the test or ground position. This 
operation is completely interlocked to prevent improper 
operation. 

The testing and grounding switches together with 
their operating rods and interlocks are alike for all 
circuit breakers and form a unit assembly. This 
feature greatly facilitated their installation. 

The ground bus is insulated from the structure and 
is connected to ground through the fault bus, so that 
in the case of accidental grounding of a live bus, the 
system will be cleared by the operation of the fault 
bus relays. 

Fig. 6 shows a single-phase diagram of the 12-kv. 
layout with the testing and grounding connections. 

This installation is equipped with complete fault 
bus protection. As already noted, the steel housings . 
within which the oil circuit breakers, disconnective 
switches and the current and potential transformers 
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with rods and connections are the same for all sizes of 
breakers used, which permit complete interchange- 
ability of equipment. 

Bolted connections are used between the breaker 
poles and the motor-operated disconnective switches, 
which are installed in the same housings, directly above 
the breakers. These disconnective switches have the 
same carrying capacity as the breakers to which they 
are connected and are operated as a two-pole unit. 
Insulated operating rods connect these switches to the 
motor mechanisms, through gas tight gaskets. 

The design of this installation included complete 
facilities for the grounding and testing of all 12-kv. 
buses, transformer leads, tie lines, distribution lines 
and circuit breakers. By means of lever-operated 
knife switches in connection with the disconnective 
switches the desired equipment can be connected for 
either grounding or testing. For this operation the 
disconnective switch can be changed from motor to 


are mounted, and through which the line bus copper 
passes, are an integral part of this system. All housings 
are completely insulated from ground, excepting where 
predetermined ground connections were made, so 
that there will be no parallel path for fault current to 
flow to ground. For this reason, insulated sections 
were installed in the conduit for all wiring entering 
the housings. The sheet metal covers of the main bus 
compartments also form a part of the fault bus, which 
is so sectionalized that in the event of a fault, a mini- 
mum of equipment will be taken out of service. 


12-Kv. METAL-CLAD OIL-FILLED INSTALLATION 


Since the installation of the equipment described 
above was made, the developments which had taken 
place in the design of metal-clad oil-filled switch gear 
led to the consideration of this type of equipment when 
the need for additional 12-kv. facilities became appar- 
ent. Up to this time no such installation had been 
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a 


made on the isolated phase arrangement, but it was 
thought that such an arrangement could be worked out 
and installed at a cost not materially greater than that 
for the previous outdoor installation. 

With the active cooperation of the manufacturer’s 


_ engineers an intensive study was made and an isolated 


phase design that met the space limitation established 
by the previous installation was finally developed. In 
working out this design, efforts were made to avoid 


unnecessary complications and a relatively simple 


arrangement was secured. ¢ 

This project differs from other metal-clad installations 
in several particulars. It is the first installation of this 
type built with the isolated phase arrangement and the 
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The oil-filled equipment has been installed as a con- 
tinuation of the original 12-kv. installation and the 
general layout is along similar lines. The main buses 
are carried in enclosed concrete compartments 12 ft. 
above the ground, supported on concrete walls, and are 
in line with the buses of the first section. Openings 
through these walls give access to the operating space 
in front of the breakers. Transverse concrete walls 
7 ft. 8 in. in height, for supporting the oil-filled line 
buses and equipment, are installed across the space 
between the main bus walls. Concrete barriers forming 
six compartments have been built at the rear of these 
walls, in which the 12-kv. cable terminals, the oil-filled 
cabinets containing the testing and grounding switches, 
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a solenoid operated mechanism which is both mechani- 
cally and electrically trip free. The mechanisms are 
mounted in sheet metal housings supported on the 
truck with space heaters in the housing to prevent 
condensation. 

The breaker and wheel mounted truck assembly is of 
the horizontal draw out type installed on rails which 
are an integral part of a rigid frame work, insulated 
from ground, on the upper part of which is supported a 
sheet metal housing enclosing the stationary bushings 
and contacts with which the contacts on the bushings 
of the circuit breaker are engaged. This housing is 
equipped with automatic shutters which are operated 
by the withdrawal or replacement of the breaker truck 
and protect the live parts from accidental contact under 
all conditions. The breaker mechanism is so inter- 
locked that the breaker cannot be withdrawn or re- 
placed unless it is in the open position. Bushing type 
current transformers are installed in the tanks of the 
line breakers. Self alining contacts are used on the 
bushings of all circuit breakers for engaging the clip on 
the stationary contacts. A terminal board is mounted 
on each truck to which the wiring from the operating 
mechanisms and current transformers are connected. 
Two multi-conductor flexible cables with plugging 
devices, one of which carries the current transformer 
wiring and the other the control wiring connect. from 
the terminal board to the stationary part of the installa- 
tion. A separate cable connects to the space heater. 
These cables are of sufficient length to permit electrical 
operation for testing the breaker when it has been with- 
drawn from the operating position. An interlock pre- 
vents the disconnection of the current transformer wiring 
unless the breaker is in the open position, and has been 
withdrawn. 

A sliding contact connects the breaker truck to the 
fault bus system when the switch is in position. 

A levering device on each truck facilitates the engage- 
ment and disengagement of the primary contacts with- 
out shock or excessive strain on any of the parts. This 
device engages when the primary contacts are approxi- 
mately 414 in. apart. It also securely latches the truck 
in the operating position by means of a toggle action. 
The breakers are withdrawn and handled by the truck 
previously described. 

The scheme of connections of the knife blade switches 
for testing and grounding is similar to that previously 
described in the original 12-kv. installation excepting 
for necessary modifications due to the absence of 
separate disconnective switches at the circuit breakers. 
These switches are enclosed in oil-filled metal cabinets, 
mounted on the rear of the structure, behind the oil 
breakers. A disconnective switch to which the line 
cable is connected, is also mounted in each cabinet in 
connection with the line breakers. The grounding 
and testing switches are operated by means of two 
shafts, with a separate shaft for operating the line 
disconnective switch, passing through oil tight bushings, 
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with indicating devices to show the position of the 
switches. This equipment is fully interlocked so that 
these switches cannot be moved while the oil circuit 
breaker is open and the breaker cannot be closed unless 
these switches are in the proper position. The inter- 
lock also prevents their operation unless the line dis- 
connective switch is open. 

A test connection is brought out from the test cabinet 
through an oil tight bushing, to the breaker side of the 
concrete wall, to which a flexible cable may be con- 
nected for applying test pressure to the breaker when 
it has been withdrawn from the operating position. 
This test contact is covered by a hinged door which 
cannot be opened unless the breaker has been with- 
drawn. Cable potheads are bolted to the bottom 
of these cabinets through which the 12-kv. single con- 
ductor line cables are brought for connection to the 
line disconnective switches. The necessary oil-filled 
potential transformers are also mounted in these 
compartments with their connections made in the cab- 
inets into which they are carried through oil tight 
bushings. 

The grounding and testing switches for the line 
buses are electrically interlocked with the group 
switches so that they cannot be operated unless both 
group breakers are in the open position. This inter- 
lock also prevents the group switches from being 
closed unless the testing and grounding switches are 
in normal open position. 

The oil-filled line bus assembly consists of a copper 
bus enclosed in copper tubing with aluminum alloy 
connecting boxes, the oil conservators and the primary 
disconnective bus contacts. This assembly is divided 
into three sections, the line bus assembly, and the two 
connections to the main buses. The line bus which 
supplies four 12-kv. distribution lines is made as a unit 
with flexible joints and is mounted on a welded angle 
iron frame of rigid construction. The connections 
to the two main buses are in separate aluminum alloy 
boxes. These three sections are insulated from the 
concrete supporting structure and from each other and 
form parts of the fault bus system. The entire bus 
system is filled with oil on which a constant pressure 
is maintained by the conservator tanks located at 
each end. The oil is carried to the system through 
connecting pipes with suitable valves and insulating 
couplings. 

The connection boxes which are of heat-treated cast 
aluminum alloy form the supports for the line bus and 
bus connections. 

The line bus is made up of sections of hard drawn 
copper tubing 31% in. in diameter, with a carrying 
capacity of 2,000 amperes, of the proper lengths required 
to span the distance between two adjacent switch 
units. It is insulated with machine wrapped micarta 
paper impregnated with varnish and has flexible con- 
nections to the disconnective bushings. The bus is 
supported in micarta collars grooved to permit circu- 
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lation of oil which center the busin the tubing. Micarta 
stops are provided to limit the travel of the bus in one 
direction if there is a tendency to crawl due to expan- 
sion. All connections from the line bus are carried 
out of the connecting boxes through oil tight porcelain 
bushings. 

The conservator tanks are equipped with a gage 
glass, a low oil level alarm and a dry air breathing 
device. 


The current limiting reactors for the 12-kv. lines 
which are of 450-ampere capacity and 14-ohm reactance 
are of the air core, metal clad, oil immersed type, with 
connections brought out at the bottom of the tank. 
Each reactor tank serves as an oil conservator for the 
testing and grounding switch cabinet. 

Reference has been made to circuit breakers for two 
transformer banks installed in connection with this 
project which are not of the oil-filled type. This 
arrangement was made because the carrying capacity 
required in their connections is such that a satisfactory 
design of oil-filled equipment could not be worked out, 
as was also the case with the main buses. These 
breakers and their disconnective switches are of the 
outdoor type installed in concrete compartments simi- 
lar to the original 12-kv. installation with the exception 
of the metal houses which are omitted. The switch 
compartments are enclosed by hinged ventilated doors 
connected to the fault bus system with flexible shunts 
around the hinges. 


CONCLUSION 


The metal housed equipment has been in service for 
about three years and the metal-clad oil-filled for about 
eight months. The operating experience with both 
installations has so far been entirely satisfactory and 
with the possible exception of maintenance difficulties 
under severe weather conditions, is fully as convenient 
to operate as an indoor installation. The degree of 
safety both to life and service that can be secured in 
the outdoor design is as high as that in an indoor in- 
stallation. The distance by which adjacent phases 
may be separated is such that the lability of trouble 
spreading is much less than would be the case in a 
similar installation located in a building. Any are or 
explosion that might occur would not be confined in an 
enclosed space and the amount of damage that might 
result should be reduced to a minimum. 

Preliminary estimates had indicated the possibility 
that a 12-kv. outdoor installation should cost less than 
one indoors, with the cost of building included. Exact 
comparisons are difficult to make because of varying 
conditions on different projects. However, an analysis 
of actual cost figures of both kinds of installations with 
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allowances made to place their costs on a comparable 
basis showed that there was very little difference in the 
final cost. The metal housed type cost slightly less 
and the metal-clad oil-filled type slighty more than a 
standard indoor isolated phase installation. 

As these outdoor installations were along new lines, 
considerable developmental work was required which 
necessarily had an effect upon the cost. Future 
installations of this character, should show a tendency 
toward lower costs, provided that a reasonable degree of 
standardization and duplication of equipment can be 
secured. 


Discussion 


W. W. Edson: Installations of this type having the three 
phases separately operated and not mechanically interlocked 
should in some cases be considered with respect to the type of 
line relays used. Thus, for parallel lines, if one of the incoming 


- breakers should not be uniform in closing, there will be a short 


interval of time in which one of the phases is open, thereby 
causing an unbalaneed condition in the lines. A sensitive high-_ 
speed relay either in the ground residual circuit or in a cross- 
connection between the phases of the parallel lines might operate 
and improperly trip one or both lines. 

R. A. Hentz: The paper indicates that while there are two 
12-kyv. buses, the selection of which is through oil cireuit breakers, 
this is not the case of the 66-kv. or the 132-kv. sections. In the 
66-kv. section the two buses are selected by disconnecting 
switehes with one oil cireuit breaker per line or transformer bank, 
and in the 132-kv. section there is but a single bus sectionalized 
with a disconnecting switch. 

From an inspection of Fig. 3 there does not seem to be any 
provision for a second oil switch in the 66-kv. section and from 
Fig. 1 there appears to be no means of double busing in the 132- 
kv. section, either by two oil circuit breakers or one oil cireuit 
breaker and two: sets of disconnectors. Apparently the authors 
believe the extra flexibility obtained by double busing is not 
worth the cost. I would be interested to hear further comment 
on this point. 

W.F. Simsand C. G. Axel: The bus arrangement in the 66-ky. 
transmission terminal provides for a main bus for regular operation 
and an emergency bus for use only during abnormal conditions. 
The main bus is divided into two principal sections, which 
division runs through the entire system. The installation of 
selector oil circuit breakers between the main and emergency 
buses for each 66-kv. line and transformer bank was not con- 
sidered to be justified in view of the materially increased cost of 
such an arrangement. As will be noted from the bus diagram, 
it is possible to connect these two buses through the tie switch 
after which it is possible to transfer a line or transformer bank by 
manipulation of the diseconnective switches, which gives sufficient 
flexibility to meet the conditions of service and saves the cost of 
the additional breakers. 

The 132-kyv. installation is a part of a general intereonnected 
system with sufficient reserve on the 66-kv. supply to take care 
of an outage on the 132-kv. bus, as both systems supply the same 
banks of three-winding transformers which feed into the 12-kv. 
distributing buses. For this reason the expense of a double bus 
arrangement on the 132-ky. installation was not considered 
justified. 


A New System of Speed Control 


For A-C Motors 
BY A. M. ROSSMAN: 


Fellow, A. I. E. E. 


Synopsis:—The drive unit of this system consists of a constant 
speed a-c. motor supplemented by an adjustable speed d-c. machine 
of much smaller size. Both rotor and frame of the a-c. motor are 
mounted on bearings. The d-c. machine is mechanically con- 
nected to the frame of the a-c. motor so that the d-c. machine may 
drive or be driven by the frame. The d-c. machine is electrically 
connected through a motor-generator set of equivalent rating to 
the source of alternating current energy. The shaft speed of the 
a-c. motor is increased above the fixed speed by rotating the frame 
of the a-c. motor in the same direction as the rotor. The shaft 
speed is decreased by rotating the frame in the opposite direction. 
The direction of rotation and the speed are governed by adjusting 
the voltage impressed on the armature of the d-c. drive machine 
by the generator of the motor-generator set. When the unit is used 
to drive fans, the speed range is obtained by a combination of 
armature voltage control and field control of the d-c. drive machine. 
This permits a still further reduction in the rating of the d-c. drive 


DESCRIPTION OF THE MOTOR AND SPEED CONTROL 
EQUIPMENT 


HE drive unit of this system consists of a constant 
Af speed a-c. motor of either the synchronous or 

induction type, supplemented by an adjustable 
speed d-c. machine of much smaller size. The frame 
of the a-c. motor is mounted on bearings so that the 
frame as well as the rotor may rotate. The d-c. 
machine which is shunt wound but separately excited 
is mechanically connected to the frame of the a-c. 
motor so that it may drive or be driven by the frame. 
The d-c. machine is electrically connected through a 
motor-generator set of equivalent rating to the source 
of alternating current energy. Fig. 1 shows a typical 
diagram of the machines with their electrical connec- 
tions. Fig. 2 shows a typical arrangement of the drive 
unit. 


METHOD OF OPERATION 


The speed of the driven machine is increased above 
the fixed speed of the a-c. motor, which will be called 
the base speed, by causing the d-c. machine acting as 
a motor to drive the frame of the a-c. motor in the same 
direction as the rotor. The speed of the shaft is then 
the sum of the base speed plus the frame speed. The 
' speed of the shaft is decreased below the base speed by 
causing the frame of the a-c. motor acting as a motor 
to drive the d-c. machine as a generator in the direc- 
tion opposite to that of the rotor. The shaft speed is 
then the difference between the base speed and the 
frame speed. The d-c. machine then delivers energy 
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machine so that for comparatively wide ranges of speed it forms 
but a small percentage of the total drive unit rating. 

Twenty-four units of this type, aggregating 7,020 hp., are now 
being built for Powerton Power Station for driving forced and 
induced draft fans. This system of fan drive is being installed 
in preference to the two-speed squtrrel-cage type induction motor 
system previously used, because it shows large savings in energy, 
costs little more, and provides a simple method of fan control which 
permits the adoption of a simplified system of automatic com- 
bustion control. Energy savings and investment costs are given in 
detail. The versatility of the system is further illustrated by a 
description of a 2,500-hp. unit of this type designed to drive a high- 
pressure reciprocating boiler feed pump. 

During the first seven months of 1930, orders were placed for 
35 of these units ranging in size from 166 hp. to 2,500 hp., aggre- 


gating 16,000-hp. for installation in four different power stations. 
* * * * * 


through the motor-generator set back into the a-c. 
system. 

The direction of rotation and the speed of the d-c. 
drive machine are governed by holding constant excita- 
tion on its field and adjusting the voltage impressed on 
its armature terminals by the generator of the motor- 
generator set. The range of d-c. voltage is from 


.C. Machine 


Regulating Units 


AC. Source 
1—Diacram or New System or ADJUSTABLE-SPEED 
DRIVE 


Fia. 


maximum positive, through zero; to maximum negative. 
This voltage is controlled by a rheostat inserted in the 
field circuit of the generator. The armature current 
does not reverse when the voltage is reversed. 


EXTENSION OF THE SPEED RANGE 


Where this system is used to drive fans (or centrif- 
ugal pumps), machines in which the power is a func- 
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tion of the cube of the speed, the speed range may be 
extended beyond that attainable by armature voltage 
control, by weakening the field of the-d-c. drive machine. 
The field strength is controlled by a rheostat inserted 
in the field circuit. The use of field control of the d-c. 
drive machine to furnish a part of the speed range 
decreases the spread between the rated speed of the 


2—430-Hpe. 60-CycLE 


2,200-V oLtT 
1088/444-Rey. Per Min. Varraspue-Serep Drive Unit 


Fig. THREE-PHASE 


a-c. motor and the maximum operating speed of the 
fan. As the apportioning of the rating of the drive 
unit between a-c. motor and d-c. machine is determined 
by the percentage of speed which each machine con- 
tributes to the maximum operating speed (which is 
coincident with maximum load) of the fan, a decrease 
in the spread means a corresponding decrease in the 
percentage of rating of d-c. machine in the drive unit 
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TABLE I 


Proportioning of the drive unit between a-c. motor and d-c. machine 
under various combinations of armature voltage control and weakened 
field control of the d-c. drive machine to give a speed range of 100 to 
50 per cent. 


D-c. machine Rating of 
No. of units of speed range 
accomplished by— 
Ratio 
max. speed|Armature voltage control Weaken- 
sated Bosca ing the A-c. D-c. 
Biem EDEes Positive Negative field motor machine 

1/1 0 1 0 100 50 
1/1 1 0 0 50 50 
1/1 1 1 0 75 25 
2/1 1 1 1 83.3 16.6 
3/1 1 1 2 87.5 12.5 
4/1 1 1 3 90 10 


Note: Full torque is available with full field and armature voltage 
control; torque should be reduced in direct proportion to the amount of 
field weakening. 


and an equivalent decrease in the size of the speed 
regulating motor-generator set. These relations are 
shown in Table 1. The last three rows of figures show 
the apportioning of the drive unit rating between a-c. 
motor and d-c. machine corresponding to three different 
degrees of field weakening of the d-c. drive machine. 

As the d-c. motor designed to give a 3/1 speed 
range by field control is a recognized standard machine, 
it has been chosen as the basis for determining maxi- 
mum fan speeds corresponding to various speeds of the 
a-c. motor for those ranges of fan speed which exceed 
100 to 574% per cent. For ranges of fan speed less than 
100 to 57% per cent, the amount of field weakening 
must be reduced to prevent overloading of the d-c. 
drive machine. 


TABULATIONS OF FAN SPEEDS AND MOTOR RATINGS 


Table II shows the maximum operating speed of the 
fan or pump corresponding to the two variables which 
determine it, viz: 

(1) The speed of the induction motor; 

(2) The speed range of the load. 


TABLE II 


The following data apply to fans and centrifugal pumps, machines in which the power varies as the cube of the speed. 
The table shows the maximum speed of the fan or pump corresponding to the two variables which govern it, viz: 


1. Speed of squirrel-cage type induction motor. 
2. The speed range of the fan or pump. 


The table also shows for each speed range the relative sizes of induction motor and d-c. machine which together make up the drive unit. 


The speed range is obtained by a combination of armature voltage control and field weakening of the d-c. drive machine. 
100 to 57.5 per cent, one-half the total range is obtained by each method. 
weakening must be decreased to prevent overloading of the d-c, drive machine. 


For ranges greater than 
For ranges less than 100 to 57.5 per cent the proportion obtained by field 
The method of determining the limiting value of field weakening and 


the method of correcting for slip corresponding to variatons of load are given on the next table. 


Speed range—100 per cent to...... (per cent)} 95 90 85 

Speed reduction in per cent of max. . (per cent) 5 10 15 

Relative ratings of machines of the } { A-c.| 97.4 95.1 93.2 
arive unit: cq ces ao uae ee Sn a D-c. 226 4.9 6.8 


Induction motor 


Syn. speed Full-load speed 
1800 1750 1800 1840 1880 
1200 1160 1190 1220 1245 
900 870 890 915 935 
720 690 710 725 740 
600 575 590 605 615 
514 490 505 515 525 
450 430 445 455 465 


80 70 60 50 40 30 20 10 

20 30 40 50 60 70 80 90 

91.6 89.5 88.7 86.7 84.1 81.6 79 76.5 
8.4 10.5 11.3 13.3 15.9 18.4 21 23.5 

Maximum operating speed of fan or pump 

1920 1960 1975 2025 2080 2150 2210 2300 

1270 1300 1310 1340 1380 1425 1470 1520 
955 975 985 1005 1030 1065 1100 1135 
755 775 780 800 820 850 875 905 
630 645 650 665 685 705 725 750 
535 550 560 570 585 605 620 640 
475 485 490 500 515 530 550 565 
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TABLE III 
The following data apply to fans and centrifugal pumps, machines in which the power varies as the cube of the speed. 


The table shows the method of determining and the figures for— 
(1) The slip of the induction motor at various loads. 


Full load slip is assumed to be 4 per cent for all motors. 


(2) The amount of field weakening permissible without overloading the d-c. drive machine. 


(3) The speed range obtainable with the d-c. machine. 


(4) The relative ratings of the d-c. machine and the a-c. motor of the drive unit. 


The letters used in the formulas are the serial letters in the first column of the table. 


in the corresponding speed range column. 


a. ‘Speedrange 100% to. .-. os eee %\ 95 90 85 
b. Speed reduction in % of max. speed... % 5 10 15 
c. Torque at min. speed (= a?/100)...... %| 90 81 72 
d. Correction for slip [ =4 (1 —c/100)].,...% 0.4 0.8 bd: 
e. Speed range by d-c. machine( =b+d)..% 5.4 10.8 16.1 
f. Speed range by armature control... Units 2 2 2 
g. Speed range by field control ( =100/c —1) 

Units 0.11 0.23 0.39 
g. Speed range by field control ( = 2). . Units ate ae i 
h. Speed range total (=f+g)........ Units Pay ik 2.23 2-239 
k. Rating of d-c. machine (=e/h)......... % 2.6 4.9 6.8 
m. Rating of induction motor (=100 —k).%| 97.4 95.1 93.2 


In applying the formula substitute for the letter the figure 


80 70 60 50 40 30 20 10 
20 30 40 50 60 70 80 90 
64 49 36 25 16 Wy) 4 1 
1.4 2 2.6 3 3.4 3.6 3.8 4 
21.4 32 42.6 53 63.4 73.6 83.8 94 
2 2 2 2 2 2 2 2 
0.56 1.05 1.78 ae as BS ap ae 
oe AG 2 2 2 2 2 
2.56 3.05 3.78 4 4 4 4 4 
8.4 10.5 11.3 13.3 15.9 18.4 21 23.5 
9176 89.5 88.7 86.7 84.1 81.6 79 76.5 


The maximum operating speed of a fan or centrifugal pump operating on this system is determined by dividing the full load speed of the induction 


motor by the figure on line ‘‘m’’ in the corresponding speed range column. 


This table also shows the relative ratings of induction 
motor and d-c. machine corresponding to each range 
of speed. 

Attention is directed to the wide range of speed 
that can be obtained from a comparatively small per- 
centage of d-c. machine rating in the drive unit. For 
example, a speed range of 100 to 50 per cent is obtained 
with a drive unit in which the rating of the d-c. 
machine is but 138.3 per cent of the total. If the 
a-c. motor were of the synchronous type, the rating of 
the d-c. machine would be but 12.5 per cent of the total. 

Table III gives the list of constants used in com- 
puting the figures of Table II and the formulas for 
deriving these constarits. 

Extension of the speed range by field control is not 
practicable where horsepower varies directly with the 
speed; the full load speed of the a-c. motor then becomes 


the mid-point between maximum shaft speed and. 


minimum shaft speed. 


EQUIPMENT IN THE POWERTON POWER STATION 


An extensive installation of this system of speed 
control is now being made in the power station of the 
Super Power Company of Illinois at Powerton (near 
Pekin) Illinois. Here the forced and induced draft 
fans of six boilers are driven by motors which 
operate on this system. Each boiler has two forced 
draft fans and two induced draft fans. Each fan has 
its own independent drive unit. The a-c. motors of 
the drive units are of the squirrel-cage induction type. 


The frame and the rotor are supported independently, 
each having its own pair of pedestal bearings. Hol- 
low stub shafts, cast integrally with the end shield, 
support the rotating frame on the inner pair of bearings. 
The rotor is carried on a shaft which passes through 
the hollow stub shafts of the frame and is supported 
on the outer pair of bearings. All bearings are of the 
sleeve type. One of the hollow stub shafts is made 
sufficiently long to mount the three collector rings 
- between the end shield and its bearing support. The 
collector rings and brush rigging are enclosed in a steel 


housing to prevent accidental contact with the live 
parts. Fig. 2 is a photograph of the Powerton induced 
draft fan drive unit. 

One motor-generator set controls the two forced 
draft fans of each boiler, while a second motor-generator 
set controls the two induced draft fans. 

The principal data pertaining to this installation 
are given in the following tabulation: 


Forced draft fans Induced draft fans 


Number of fans........... 12 12 
Number of drive units....} 12 ‘12 
Maximum fan speed...... 1,004 r. p. m. 1,088 r. p. m. 
Minimum fan speed....... 452 r. p. m. 435 r. p.m, 


Range of fan speed........ 
Constant-speed component 
(a-c. power) at maximum 


100% to 45% 100% to 40% 


fan speed. .ae eee cos. 141 hp. @860 r. p.m. | 330 hp. @860 r. p.m. 
Adjustable-speed compo- ; 
nent (d-c. power) at 


maximum fan speed..... 25 hp. @144r.p.m. 
Total power at maximum 
fan Speeds 5 \-\ pues eet aa 
Speed of d-c. machine at 
maximum fan speed..... 
Speed of d-c. machine 
(operating asagenerator) 
at min. fan speed....... 
Ratio of ratings—d-c. 
machine/a-c. motor..... 
Number of speed regulating 
motor-generator sets....| 6 6 
Rating of each speed regu- 


89 hp. @ 228 r. p.m. 
166 hp.@1004 r.p.m. | 419 hp. @1,088 r.p.m 


Plus 625 r. p. m. Plus 625 r. p. m. 


Minus 1,875 r. p. m. | Minus 1,250 r. p. m. 


14.5/85.5 21/79 


lating motor-generator 
BOC IE se oe ae ele tiss wae ve 40 kw. 150 kw. 
Total rating of all drive units................... 7020 hp. 
Total rating of all speed regulating motor-genera- 
TOL SOUS rie ae eens Oe a usin ae 1140 kw. 


The a-c. motors are designed to operate at 2,200 volts, 
three phase. 

The curves of Fig. 3 show the division of load be- 
tween the a-c. motor and the d-c. machine over the 
speed range of the forced draft fans. Fig. 4 shows 
similar curves for the induced draft fans. These curves 
also show how the total speed range is apportioned 
between armature voltage control and field control of 
the d-c. drive machines. On the forced draft fans one- 
half the speed range is obtained by armature voltage 
control and one-half by field control; on the induced 
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draft fans two-thirds is obtained by armature voltage 
control and one-third by field control. The relatively 
small proportion of d-c. machines is reflected in the 
rating of the conversion equipment which, as shown 
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Maximum speed of fan........... 
Minimum speed of fan............ 
Rating of Grive wns... 002.2. 825. 
Rated speed of a-c. motor......... 
d-c. machine 21 

a-c.motor ~*~ 79 


1 O88 rev. per min. 
435 rev. per min. 
419 hp. 

860 rev. per min. 


Ratio of rating 


by the above table, is but 1,140 kw. in motor-generator 
set capacity to control 7,020-hp. in motor capacity. 
An induced draft fan having a maximum speed of 
1,004 rev. per min. would have still further reduced the 
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rating of the motor-generator set capacity, but as the 
fans and building steel were on order for some time 
before it was decided to install this system of fan drive, 
the change was not regarded as practical. 


120 3 
| 


Adjustable Speed No. 9 
Fan Constant Speed 
(2 Speed) Special No. $Y Fan 


+ 


Constant Speed 
870 fey Per Min- 


HORSE POWER, 
8 Ss 


peal 
o 


[Input to 


40 


‘Adjustable Spee 


20 foot ste I 
[Input to Fan->{ | 


ria if 


10 20 30 40 50 60 70 
CAPACITY IN THOUSANDS OF CU. FT. PER MIN. 


Fie. 5—ComparaTIvVE PERFORMANCE CURVES FOR FoRCED 


Drartr Fan 


REASONS FOR INSTALLING THIS SYSTEM AT POWERTON 


The reasons for installing this system of driving the 
fans at Powerton are as follows: 

(1) The simplicity and smoothness of the method 
of speed control. 

(2) The energy saving due to the high efficiency of 
the method of control. 

(8) The fact that the new system can be installed 
at nearly the same cost as the system previously used. 

(4) The ease with which the system may be adapted 
to automatic combustion control. 

(5) The successful experience with two 300-hp. units 
of this type installed at State Line Power Station. 


BASIS OF COMPARING THE NEW SYSTEM WITH OTHER 


SYSTEMS 
Various types of motors have been used for driving 
888 
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foreed and induced draft fans. The motors most 
commonly used are of the induction type, in both 
squirrel-cage and slip-ring forms. As the draft fans on 
the boilers previously installed at Powerton are driven 
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by two-speed squirrel-cage type induction motors, the 
comparisons in this paper are made between the new 
system and that system. 

Comparisons of the two systems are based on the 
installation of two 105,000-kw. turbo-generator units 
designated units No. 3 and No. 4 respectively, which 
are now being installed at Powerton. Steam for each 
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unit is furnished by two boilers of standard type and 
one boiler of the reheat type. The load curve for 
units No. 3 and No. 4 is assumed to have the same 
shape as the load curve for present units No. 1 and 
No. 2 (each rated 52,500 kw.) but increased in direct 
proportion to the increase in generating capacity. 


ENERGY SAVING OF THE NEW SYSTEM AT POWERTON 


An analysis of the application of this system to the 
fans of the six new Powerton boilers shows a distinct 
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saving in energy consumption. Fig. 5 shows the horse- 
power input to each fan and the horsepower input to 
each motor at various fan capacities for the two. 
different systems of driving the forced draft fans. 
Fig. 6 shows for a standard boiler the saving in dollars 
of the new system over the old at various fan capacities 
based on operating 6,000 hr. per year. 
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Similar curves for the induced draft fan are shown in 
Figs. 7 and 8. 

Figs. 9 and 10 show for the forced and induced draft 
fans respectively of a reheat boiler the saving in 
dollars of the new system over the old, based on operat- 
ing 8,000 hr. per year. 

From these curves are computed the following annual 
savings in dollars of the new drive over the old for the 
fans of four standard boilers and two reheat boilers, 
based on three different unit costs of energy: 
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Drarr Fan 


Energy cost per kw-hr. 


3 Mills 4Mills 5 Mills 
Annual saving for 12 forced 
Craht tans ancts deatieeh) <p ioc $4,535 $6,047 $ 7,559 
Annual saving for 12 induced 
Uiratt fans. eee eee es 8,780 11,707 14,634 . 
Total saving for six boilers. $13,315 $17,754 $22,193 


The detailed analysis of these figures is given in Table 
IV. 


- TABLE IV 

ESTIMATED ENERGY SAVINGS OF NEW SYSTEM OF FAN 
DRIVE OVER TWO-SPEED INDUCTION MOTOR DRIVES 

FOR BOILER DRAFT FANS OF POWERTON UNITS 3 AND 4 

_ Savings are figured at 3 mills, 4 mills and 5 mills, per kw-hr. respec- 

tively. Detail figures used in the following table are based on 3 mills. 
Turbine and boiler loads are based on average daily load curves of 

Units No. 1 and 2 pro-rated for the increased capacity 


The 24-hr. load is divided into 3 periods, 
as follows: 


Units No. 3 and 4: 

Hr. per day.. sHr: 11 8 &) 
‘Turbine load @ turbines) Kw. 210,000 108,000 150,000 
Steam requirements. .lb./hr. 1,910,000 980,000 1,350,000 
No. of boilers in aperstion Rad Mi 6 4 6 


‘Steam from ea. reheat blr. Ib./hr. 290,000 150,000 210,000 
| Steam from ea. std. blr. ..lb./hr. 330,000 340,000 233,000 
Fan outputs and savings: 
Std. boiler forced draft fan: 
Ou. ft. /mnin, of air per fan....... 46,500 48,000 33,000 
Annual saving per fan in 
each daily period. . .$ 78 43 76 
- Annual saving all ae in 
each daily period Peierls ete $ 605* 170t 610* 
Total annual saving all : 
Larisa eee fir eink a , .$1,385 
‘Std. boiler induced draft fan: 
Cu. ft./min, of gas perfan....... 79,000 82,000 56,000 
Annual saving per fan in 
each daily period.......$ - 90 ee ab 175 
Annual saving all fans in 
each daily period. . .$ 720* 140+ 1,400* 
Total annual seving ‘all . 
fans. . fh, - $2, 260 
Reheat boiler forced draft fan: ; 
Ou. ft./min, of air per fan. . 56,000 35,000 44,000 
~ Annual saving per fan in 
each daily period.......$ 565 160 . 63 
‘Annual saving all fans in 
each | daily period. uno. 2,260 6407 250t 
‘Total annual te all 
Ve jean, co aC CARES . -$3,150 
Reheat boiler induced draft fan: ; 
Cu. ft /min. of | Lk per fan... 89,000 55,000 70,000 
daily period.... 1,080 385 165 
-“Annua 4 saving all fans i 
each daily period. . a 4,320t 1,540+ 660T 


- Total annual saving ‘all 
Fi fans. « af ¥ Niteiie & By dete rectum pee 
- 
Grand total annual saving all 
_ fans of units No. 3 and 4— 
5 ad . 3 er eos kw-hr.. te 315 
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pany, and the Sheboygan Power Station of the Wis- 
consin Power and Light Company. 


of supporting the collector rings and of hou 
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TABLE V 
ESTIMATED COST PER BOILER OF FAN DRIVE AND DRAFT 
CONTROL EQUIPMENTS FOR THREE DIFFERENT SYSTEMS 
FOR POWERTON UNITS 3 AND 4 


Existing systems New system 


Adjustable 


Damper Inlet vane 
system (2- system (2- speed 
speed motors)|speed motors) drive* 
Fan motors: 
2—Induced draft fan motors $ 5,500 $ 5,500 $13,400 
2—Forced draft fan motors. 3,300 3,300 8,300 
—Supports and enclosures. Pa oe 400 
—Installation............. 800 800 2,000 
—Circuit breakers and con- 
trol, installed......... 5,000 5,000 6,650 
1—Exciter motor generator 
SOC caret seit Cee 550 
—Speed selector switches 
for four fans ioscan «0 6,000 6,000 ne . 
—Installation....... Seen. 1,100 1,100 os 
—Power and control cable iG 
and conduit, installed. 2,000 _ 2,000 3,000 ee 
$23,700 $23,700 $34,300 4 
Vanes and dampers: ( 
2—Sets vanes or dampers : if yin) 
with mech. (ind. dft.). $ 600 $ 2,000 $ 600 
2—Sets vanes or dampers 
with mech. (fed. dft.). 600 1,300 600 A 
—Installation............. 300 1,050 300 ; 
2—Damper drive units...... 4,250 2,400 
—Installation.......... TP ie 360 360 
—Cable and conduit, inst. . 2,000 2,000 
$ 8,110 $ 9,110 $ 1,500 
Fan speed change accessories: 
4—Centrifugal relay switch 
equipments........... $ 425 $ 425 
2—Centrifugal relay switch 
equip. (for interlock) . . 215 215 
—Installation............. 760 760 
—Wire and cable, inst...... 800 800 
$ 2,200 $ 2,200 
Total cost per boiler........ $34,010 $35,010 $35,800 


*Based on machine ratings given in Table II. 


OTHER INSTALLATIONS 
This system of driving forced and induced draft 
fans is also being installed in two other power stations, 
viz: the Philo Power Station of the Ohio Power Com- 


The bearing construction of the a-c. motors of the 
Sheboygan units will be similar to those for Powerton 
but the design of the Philo units differs somewhat in 
that the frame is supported directly on the rotor shaft 
through anti-friction bearings, and the motor shaft, 
which thus carries the weight of both rotor and frame, 
is supported on pedestal type bearings. The meth 


rings and brush rigging is similar to that 
Powerton. machines. 
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cost of the new system, the total annual cost, which 
includes both investment and operating costs, favors 
the new system. It was therefore decided to install 
this system of drive on one boiler feed pump at 
Sheboygan. 

The brief summary of data relating to these units 
is given below: 


PHILO POWER STATION 
(Two Pulverized Fuel Boilers) 


Forced draft fans | 


Induced draft fans 


INDI DOM of tasis swear 4 2 

Number of drive units...../2 2 

Maximum fan speed...... 1340-r. p. m. 1005-r. p. m. 
Minimum fan speed....... 670-r. p. m. 502-r. p. m. 


Range of fan speed........ 
Constant speed component 
(a-c. power) at maximum 
TAN ‘BPC Sse snes ear 
Adjustable speed com- 
ponent (d-c. power) at 


100 % to 50% 100% to 50% 


244-hp. @ 1160-r. p.m.|/648-hp. @ 870-r. p. m. 


maximum fan speed..... 38-hp. @ 180-r. p.m. |100-hp. @ 135-r. p. m. 
Total power at maximum 
FAR SDOOC ae ete ice Sacks 282-hp. @ 1340r. p. m.|748-hp. @ 1005-7. p. m. 


Speed of d-c. machine at 


maximum fan speed..... Plus 568-r. p. m. Plus 340-r. p. m. 


Speed of d-c. machine 
(operating as a genera- 
tor) at minimum fan 
SHOU iste, mee eae Minus 1704-r. p. m. Minus 1020-r. p. m. 


Ratio of ratings d-c. ma- 
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chine/a-c. motor........ 13.5/86.5 13.5/86.5 
Number of speed regulating 
motor-generator sets... .|2 2 
Rating of each speed regu- 
lating motor generator 
BOG icc busts > iets Meade ste 30-kw. 85-kw 
Total rating ofall drive: Units... cc cero ee Leer ete 2160-hp. 
Total rating of all speed regulating motor-generator sets... 230-kw. 
SHEBOYGAN POWER STATION 
(Two Pulverized Fuel Boilers) 
Forced draft |Induced draft Boiler 
fans fans feed pump 
Number of drive units......... 2 2 1 
Maximum load speed-r. p. m.. .|1360 1005 1880 
Minimum load speed-r. p. m...| 680 502 1692 
Range of load speed.......... .|100% to 50%/100% to 50%|100% to 90% 
Constant speed component 
(a-c. power) at maximum 
load Bpeed sh. tanec a ee 157-hp. @ 339-hp. @ 605-hp. @ 
1165-r.p.m.| 870-r.p.m.| 1770-r. p. m. 
Adjustable speed component 
(d-c. power) at maximum 
LOAG Speedy: Ho ee eae 26-hp. @ 52-hp. @ 45-hp. @ 
195-r.p.m.} 135-r.p.m.} 110-r. p. m. 
Total power at maximum load 
BDGGO 53 tc ce aunty oa 183-hp. @ 391-hp. @ 650-hp. @ 
1360-r. p. m.| 1005-r. p. m.| 1880-r. p. m. 
Speed of d-c. machine at maxi- 
mum load speed............ Plus 500- Plus 400- Plus 535- 
rp: 1a. r. Pp. m. r. p.m. 
Speed of d-ec. machine (operat- 
ing as a generator) at mini- 
mum load speed............ Minus 1500- |Minus 1200- |Minus 535- 
. ine Oye 81 rapAm. rp... 
Ratio of ratings d-c. machine/ 
BeOMEMLOCOLS «S15, Neieshobr ie ayer 14.2/85.8 13.3/86.7 6.9/93.1 
Number of speed regulating ' 
motor generator sets........ 2 2 1 
Rating of each speed regu- 
lating motor generator set. .!30-kw. 50-kw 40-kw. 
Total rating of all drive rumits icc. 225 v vices osc ais os & eaets, ood 1798-hp. 
Total rating of all speed regulating motor generator sets.... 200-kw 


The a-c. motors are designed to operate at 2,200 volts 
three-phase. 

Another application of this system to the driving 
of power station auxiliaries differs radically from the 


Transactions A. I. E. E. 


ones previously described and it illustrates the ver- 
satility of the system. It consists of a 2,500-hp. drive 
unit geared to a reciprocating pump which delivers 
boiler feed water under a pressure of 1,500-lb. per sq. 
in. This application calls for constant torque at 
adjustable speed. The design of the drive unit differs 
from the Powerton fan drive units in that the armature 


See 


Cae: 


-10 ft. 6 in. 
11—2,500-He. Drive UNIT 


Fra. 


of the d-c. machine is assembled on the frame of the 
a-c. motor. The d-c. machine is thus concentric with 
the a-c. motor. The outline and dimensions of this 
drive unit are shown in Fig. 11. Two machines of 
this type are now under construction. The principal 
data pertaining to this application are given in the 
following table: : 
Max: shaftispeed....0.0 4.0) 
Min shaltspecdigg.s.--1 emanates c 
Range. of shait speedsackee sees 
Constant-speed component (a-c. 

power) at max. shaft speed.... 
Adjustable speed component (d-c. 

power) at max. shaft speed.... 750 hp. @ 213 rev. per min. 
Total power at max. shaft speed.. 2500 hp. @ 708 rev. per min. 
Ratio of ratings—d-c. machine /a-c. 


708 rey. per min. 
282 rev. per min. 
100 to 40 per cent 


1750 hp. @ 495 rev. per min. 


Rating of speed regulating motor- 

generator set foreach drive unit. 750 kw. 

Over-all efficiency of drive unit and 
motor-generator set— 

At maximum speed......... 

At middle speed............- 

At minimum speed.......... 


The a-c. motors are designed for 2,200 volts, three 
phase. 


88.4 per cent 
88.6 per cent 
78.3 per cent 


AUTOMATIC COMBUSTION CONTROL 


Present systems of automatic combustion control are 
complicated because of the complications of the draft 
control. In a system which employs two-speed squir- 
rel cage motors for driving the fans a change in load 
which necessitates a change in motor speeds calls for a 
switching operation, the operation of dampers both 
before and after the switching operation and, when 
dropping from the higher to the lower speed, the proper 
timing of the switching operation to prevent undue 
mechanical stresses on the equipment. All of these 
operations must necessarily be controlled by the auto- 
matic combustion control system. 


Mareh 1931 


A new and simple system of automatic combustion 
control has been developed to take advantage of the 
simplified new system of fan control. The combustion 
control functions by simultaneously increasing or 
decreasing, in the proper ratio, the speeds of the forced 
draft fans, the induced draft fans, and in the case of 
pulverized fuel plants, the coal feeders, to meet a change 
in the demand for steam. While these adjustments are 
being made on the group as a whole to regulate for 
steam demand, secondary adjustments are made 
simultaneously on the individual controls to maintain 
the proper furnace pressure and the proper ratio of air 
to fuel. Three pilot motor-operated field rheostats 
make all the necessary adjustments on each boiler. 
Each fan control rheostat is driven by two pilot motors 
through a differential gear. One motor is controlled by 


BOILER No. | 
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he has shown in this system through the various stages 
of its development and for the assistance he has rendered 
in bringing it to its present stage of development. 


Discussion 


Fraser Jeffrey: To derive any benefit such as a gain in 
efficiency from a variable speed drive as the system described by 
Mr. Rossman, or a Ward Leonard system, or the Scherbius 
system, etc., it is necessary to operate at reduced speeds for 
reasonable lengths of time otherwise a regular single-speed slip- 
ring motor operating at, or nearly at its full speed will be more 
efficient than any of these multi-unit variable speed systems. 
Therefore, the necessity for adjustable speed is of prime im- 
portance before the selection of the apparatus can be intelligently 
made. 

We might think of the drive just described as being essentially 
a constant torque drive best suited for operating loads of this 
nature but it can also be advantageously used for variable torque 


BOILER No. 2 BOILER No. 3 
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the master pressure gage, while the other is controlled by 
either a furnace pressure gage or a fuel /air ratio control. 
These secondary corrections are superimposed on the 
master control adjustments through the differential gears. 
This brief description gives some idea of the possi- 
bilities for simplification of the automatic combustion 
control equipment.. A complete description of the 
system would be too long to include in this paper. A 
wiring diagram which shows the functioning of the 
principal control elements is given in Fig. 12. 
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drives such as fans or centrifugal pumps. It has the further 
advantage of maintaining constant speed regardless of load and 
with this characteristic should find a much wider field of appli- 
eation than it has up to the present time. It is not necessarily 
confined to equipment of relatively small capacity and it is of 
interest to note that units of this type are now being built whieh 
have a rating of 2,500 hp. with a two and one-half to one speed 
range on a constant torque load. The capacity and speed range 
desired, dictates largely whether the armature of the d-c. machine 
should be rigidly connected to the revolving stator of the a-c. 
machine, or flexibly connected to it by means of texropes capable 
of operating on short centers at a fairly large speed reduction 
thus allowing the use of a standard d-c. machine. 


Outside of the fact that the Rossman system is highly efficient 
over its entire speed range because the converted power is only 
that relatively small amount represented by the speed range 
and not the entire power, the use of practically standard types 
of machines for the auxiliaries and, with the exception of mechani- 
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eal features, the same for the a-c. machine of the main drive 
units, tends toward simplicity, low maintenance costs and the 
use of apparatus with which the operating engineer is most 
familiar. 

The Rossman system has some points pertaining especially 
to the relationship of power requirements with respect to speed 
range and kind of load that are interesting. 

While the relative capacities of the d-c. machine and the 
induction motor of the drive unit are computed from a socalled 
“base speed,”’ which is the full load speed of the induction motor, 
theoretically the size of these machines will always remain 
unchanged regardless of what the base speed is in its relationship 
to the limits of the speed range desired, provided the power 
required at the high speed remains the same. For instance, 
assume @ constant torque condition of load requiring 600 hp.ata 
maximum speed of 720 rev. per min., a base speed, neglecting 
slip of 600 rev. per min. and, that a speed range of 120 rev. per 
min. plus or minus is required. Then for either the maximum 
speed of 720 rev. per min. or, the minimum speed of 480 rev. 
per min., the d-c. machine would have to be capable of delivering 
100 hp. at a speed of plus or minus 120 rev. per min. if the arma- 
ture were direct coupled to the revolving stator of the induction 
motor which would be rated 500 hp. at 600 rev. per min. 

Ti a lower speed than 480 rev. per min., say 360 rev. per min. 
were required, then by using the same drive as above, the size 
of the induction motor would remain unchanged, but, the d-c. 
machine would have to be capable of delivering 200 hp. at minus 
240 rey. per min., or, twice the power at twice the speed as before, 
or, a machine of the same theoretical physical size, except that 
the commutator would have to be able to handle twice the current 
at twice the speed as before. 

Taking any other number of speed conditions, it will be found 
that the theoretical horsepower divided by speed, or, horsepower 
per revolution physical sizes of the two drive machines of the 
main unit remain unchanged. 

On the other hand, as the power or capacity of the regulating 
unit is the same as that of the d-c. machine of the drive unit. 
then it will be noted that the most economical size for both the 
drive unit and the regulating unit for constant torque conditions 
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such as two to one, or three to one, the capacity of the d-c. 
machine of the drive unit might be set as some value of load 
approximately the same or somewhat less than that required by 
the fan at its lowest speed and then the size of the regulating unit 
will also be as small as possible. Thus, if we have a two to one 
variable speed, variable torque fan load requiring 600 hp. at 
720 rev. per min. for the maximum speed, and if it were possible 
to select a base speed of 630 rev. per min., then the size of the 
induction motor would be 525 hp. at 630 rev. per min. The size 
of the d-c. machine for the high speed for 720 rev. per min. would 
be 75 hp. at plus 90 rey. per min., which is the exact load required 
(75 hp. at minus 270 rev. per min.) to drive the fan at the low 
speed of 360 rev. per min. 

In actual practise if is necessary to adhere to “‘base speeds” 
that correspond to a particular synchronous speed, and to con- 
sider the mechanical limitations of the revolving stator of the 
a-c. machine and also the d-c. machine of the drive unit. 

C. M. Gilt: There is no question in any one’s mind that there 
is a large field for a more satisfactory method of obtaining speed 
adjustment in a-c. motors. Particularly in the larger size motors, 
present methods are both expensive in installation cost, and 
involve high losses. Where a wide range of speed control has 
been essential it has quite commonly been accomplished by 
conversion to direct current, using adjustable speed d-c. motors 
or even Ward Leonard control, both of which methods are 
expensive in cost and losses. 

The method proposed by Mr. Rossman has undoubtedly a real 
field of application, providing, as it does, much of the flexibility 
of Ward Leonard control, without requiring the large d-c. motors 
and converting equipment. 

With these advantages in view, we included this type of drive 
in a very intensive study comparing several electrical methods of 
driving the induced draft fans on the new boilers to be installed 
in our Hudson Avenue station, and we were disappointed to find 
that with our particular plant layout and load duration curves, 
total costs ran somewhat higher than on squirrel-cage motors 
with vane control or on slip-ring induction motors. 

A comparison of the total costs with their various component 
factors is indicated in the following table: 


ECONOMIC COMPARISON OF ELECTRIC DRIVES FOR SIXTEEN 1,000-HP. INDUCED DRAFT FANS 


Method of draft control = 


Constant-speed 


1-Speed 2-Speed 2-Speed 
squirrel squirrel squirrel 
Type of electric drive = cage cage cage 
1160 1160 /580 1160/870 


Vane regulation 


Adjustable speed 

3-Speed 19-Point 1-Range 2-Range Ward 

squirrel wound Rossman Rossman Leonard 
cage rotor drive drive drive 

1160 /870/580 1160-400 1340-670 1005—100 870—50 

rev. permin. rev. permin. rev. per min. rev. permin. rey. permin. rev. permin. rev. permin. rev. per min. 

Electrical installation............... eat ie Soe as a oy BO Bue 2 2 ales DE rote CG ae fF ice soe 84.0 
Resoiaing damper instalation. 2... a's 2 2 so ws 0 oe eee Ee ere ee eee Ae ome OB. aac tio asthe ee 
Werte sriialasaet |... 33.5 5 hoot e's a Te 2. Goossens SOR tin ta BG oie cose eters aot Seca ee ee ee ne 
Space evaluation. ............---.-. 2.3 = Be Wea Soya oe eS ie | ee ee re Ce Bee a ae 4.1 
ARTNAPEGY CORARINA fa Ok Oa a & Gain i Gk See 47.7 25 Ree Ey Rel peo Gi LAS Rips on ee cy es ee te fs es 61.5 
OT A ge a es eg 5 Nae PR Se A Se ae 10-2. ee i ee 5 8.96 307% by 6 Ee ie $4:°6 225 Soe § Be cea tee. 26.5 
Electrical maintenance*............. AA ake gars Diss Ste ua a ee Led Sone MEY oe Bare CISRSisae Fn Re oS ore 4.2 
Wan maintenance*.................- 9:6 223 eee ie; eee 2 Pee we = a es re i es Phe ee © 45 tee at Loti 4.7 
‘Vane maintenance*................- Fp rate 5 Rs Pips eg 225 eset ae Deh pals cis ob oo ee en = ne etme ea eater eet ei a 
Ota Steen ore. oe ee 8 AL 106.052) 2522 IOS Bose ik ee aoe $24.3 oes. suit 125 50 .ct me hooray WAG eka see 185.0 


*Capitalized on the basis of a 1234 per cent carrying charge. 


will be obtained when the base speed is half way between the 

For a variable torque load, however, this does not hold true, 
as it is then desirable to have the base speed closer to the high 
speed, so that the plus capacity of the d-c. machine of the drive 
unit will be as small as possible consistent with the mechanical 
limitations that might be imposed on either the induction motor 
stator or the d-c. machine of the drive unit when rotating nega- 
tively at maximum speed. For fairly large speed variations 


This study was based upon sixteen 1000-hp. driving units each 
of which in the case of the Rossman drive consisted of an 850- — 
hp. squirrel-cage a-c. motor and an 150-hp. d-c. adjustable speed _ 
motor. Two methods of obtaining draft control at speeds less 
than 50 per cent were considered, first by damping, second, by 
using a two-speed squirrel-cage motor with the adjustable-speed 
d-c. motor superimposed. Previous studies on different size 
fans using a single-speéd a-c. motor with a large enough d-e. 
motor to reduce the speed to 15 per cent of maximum showed a 
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higher cost due to the large d-c. motor and motor-generator sets 
required. 

In our installation, expensive building changes would be 
required for either the slip-ring, Rossman or Ward Leonard drives. 
In the above tabulation, these building changes are not included 
but the required space is evaluated at $0.75 per cu. ft., and is 
found by increasing each dimension of a piece of equipment by 
two ft. and then doubling this volume to provide adequate space 
for handling. 

Energy was estimated at $0.003 per kw-hr. A life of 28 years 
was assumed with a usage increasing during the first three years 
of life and then a gradually decreasing hp-hr. usage per year. 
The load factor and method of operation in which all boilers 
operate at reduced ratings rather than banking some during 
the daily light load periods require many hours of service at light 
loads, in which the total energy consumption, regardless of motor 
efficiency is small. 

The capacity charge was based on a fan output which loaded 
the motors to about 75 per cent of their full load rating as it was 
found that the maximum demand of the station, with 10 per cent 
of the boilers out, would place this load on the motors, the 
additional capacity being installed to provide for emergency 
conditions of fan or boiler outage. The capacity and energy 
charges for the Ward Leonard control may appear surprisingly 
high. They may be accounted for in the low over-all efficiency 
of the motor-generator sets and d-c. motor drives expecially 
at the light loads under which these sets operate during the 
greater part of the time. 

Installation costs include engineering, drafting, contingencies 
and overhead, with somewhat greater margin in engineering and 
drafting allowed for the Rossman drive due to lack of experience 
with such an installation. 

The electrical maintenance charged against Rossman drive 
may appear high, but it was believed that the maintenance 
(including blowing out, cleaning inspecting, repairing, ete.) for 
the d-c. portion of the Rossman drive, would be more than that 
of a squirrel-cage motor, in addition, there is the maintenance of 
the motor-generator set, the high-voltage a-c. rings, switches, 
rope drive, ete. Fan maintenance, including fan reblading is 
materially lower for the adjustable speed drives due to the lower 
average speed with the consequent decrease in cinder wear. 

In these figures, no evaluation is placed upon the intangible 
advantage of the smoothness and wide range of speed adjustment 
obtainable with either the Rossman or Ward Leonard drives, and 
its effect on fire conditions, a factor which cannot be ignored when 
the tangible factors are close. 
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It is apparent from the figures in the above tabulation that the 
capacity charges for the squirrel-cage motors and the Rossman 
drive are approximately equal, and while there is some saving in 
energy for the Rossman drive over any of the other methods, this 
saving is not great enough to offset the higher installation costs. 

It is quite evident, however, that with a load duration curve 
such as would apply if the load factor on the station were con- 
siderably better, the energy item would assume such proportions 
as to throw the balance of over-all cost in favor of the Rossman 
drive. 

R. R. Sheely: The fact that Mr. Rossman uses the d-c. 
regulating machine as a motor through part of the speed range 
and as a generator through the remainder of the speed range 
permits the use of a comparatively small d-c. machine. This 
also accounts for the comparatively high efficiency of the scheme 
as compared to adjustable speed drives such as the Kramer or 
Ward Leonard systems since the major portion of the energy is 
transferred directly from the a-c. bus to the mechanical load 
by means of the special a-c. motor. 

The special a-c. machine is the most undesirable unit of the 
system. Slip rings operating continuously at voltages com- 
monly used for power house auxiliaries will require frequent 
inspection and cleaning or trouble will be sure to result. The 
development charges will also be high since practically every 
installation will be sufficiently different from previous jobs to 
prevent the use of duplicate parts. It appears, however, that 
the advantages to be gained from the simplified combustion 
control system when using this type of drive will overbalance the 
disadvantages of the introduction of complicated electrical 
machines. 

R. A. Hentz: The author stated that the motor-generator 
set under certain conditions acts as a motor and in other cases 
as a generator. Can this motor be either synchronous or induc- 
tion and what is usually used? I presume, as a stator is excited 
from the source of supply, an induction motor could be used to 
operate as an induction generator when delivering power back to 
the system. 

A. M. Rossman: Answering Mr. Hentz’ question,—the a-e. 
machine of the motor-generator set or the a-c. motor in the case 
of the drive unit may be of either the synchronous or the induc- 
tion type. In the equipments that have been purchased up to 
date the a-c. machines have all been of the induction type. 
When delivering electrical energy the induction motor receives 
excitation from the source of supply and functions as an induc- 
tion generator. Some of our more recent studies, involving large 
sized units, are based on a-c. machines of the synchronous type. 
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Synopsis.— Voltage regulation on transformers under sustained 


load has made rapid strides in the last eight years and found very 
wide application in extended power systems and on industrial 
loads. Originally it was found economical to equip only very 


lurge transformers for load ratio control, using apparatus designed 
for high currents. 


This paper describes, and compares with earlier developments, 
a novel equipment of low current rating, that has been devised 
especially to control small blocks of power, thereby greatly widening 
the economic field of application of load ratio control. The electro- 


mechanical features of this equipment are stressed particularly. 
i * * * * * 


ROM a small beginning in 1923, changing of ratio 
t on transformers under load, or “load ratio 

control,’ developed rapidly until it has now 
become quite indispensable, without which many a 
modern transmission system and network would be 
under a decided handicap. Reducing the amount of 
reactive kv-a. flowing between power stations, it 
increases the efficiency and the maximum output of 
systems; it allows a flexible tie-in between systems; 
and it finally offers a simple and economic method of 
regulating voltage for industrial loads. 

There have been numerous publications on this 
subject, and it is assumed that the reader is already 
familiar with the modern practise of designing a 
transformer winding with taps, so arranged as to per- 
mit changing ratio under sustained load. Classified 
according to basic principle, the following three methods 
are being used today: 

1. A single winding with a tap for each voltage, 
two selector switches and two current interrupting 
devices. (See diagram 1A of Fig. 1). 

2. A single winding with N taps for (2 N — 1) 
operating positions, two selector switches and two 
current interrupting devices. (See diagram 1B of 
Fig. 1). 

3. A single winding with N taps for (2 N— 1) 
operating positions, with a current interrupting device 
for each tap. (See diagram 1C of Fig. 1). 


Method (1) will give uniform steps in ratio under all 
conditions of load and power factor. Since the reactor 
is short-circuited on all operating positions, it does 
not increase the no-load loss on any ratio, nor does 
it add any reactive kv-a. to the system. 


Method (2) has additional no-load losses and reactive 
kyv-a. on alternate positions, and requires a reactor 
twice the size of the one needed for Method (1) which 
introduces an appreciable transient drop in voltage 
during the process of changing taps. 

Method (3) also gives additional no-load losses and 
reactive kv-a. on alternate positions, and furthermore 
gives incorrect or unequal ratio steps when loaded at 
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less than unity power factor. This inequality of 
steps makes it necessary, therefore, to provide a greater 
number of steps than for Method (1) for a specified 
voltage range. 

The shortcomings of Method (3) can be alleviated 
by providing an additional current interrupting device, 
which short-circuits the reactor on alternate operating 
positions. . 

The advantages of Method (1), explained above, plus 
the fact that it lends itself readily to the standardi- 
zation of parts for use on a variety of ratings, were the 
deciding factors leading to the development of the 
apparatus herein described. 

During the past few years the rapid growth in the 
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Fig. 1—Turer Meruops or Loap Ratio Controu, Eacu ror 


NINE VOLTAGES 


number of load ratio control transformers has enabled 
the designer to obtain valuable operating experience 
and to formulate exact requirements for the essential 
parts of these equipments. 

The cost of the necessary electrical and mechanical 
accessories to permit changing of taps under load, 
is an appreciable percentage of the over-all cost of 
the transformer. With a given and _ standardized 
mechanical equipment, the cost of the load ratio con- 
trol apparatus proper does not change materially with 
the amount of power it has to handle. This means 
that the smaller the kv-a. rating of the machine to 
which it is applied, its cost in per cent of that of the 
whole transformer will obviously be higher. Con- 
sidering, however, the many operating advantages 
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which the installation of such a machine affords, this 
increase seems sound and justified, provided the out- 
put of the transformer is not too small. Experience 
and past demand indicated that the majority of trans- 
formers which were equipped with load ratio control 
were of such size that the current to be handled by the 
selector switches and interrupting device was between 
500 and 1,000 amperes. Consequently, a line of 
apparatus was developed suitable for this range of 
current and for circuit voltages ranging from 15 kv. 
to 73 kv. 


The wide use of load ratio control transformers 
in this country can perhaps best be appreciated when 
it is realized that the total regulated transformer 
capacity now installed is more than five million kv-a. 
It was perhaps a happy coincidence that load ratio 
control was developed just about the time that the 
use of long transmission systems, networks, and tie- 
ins began to spread rapidly over the country. 

Having thus established a firm foundation for 


2—Ratio ApsusTERS uP TO 1,000 AMPERES FOR 9 AND 11 
Positions, RESPECTIVELY 


Fie. 


heavy current apparatus, the demand for a similar 
equipment, suitable for much smaller currents, and 
therefore smaller in size and lower in cost, became 
acute. With a load ratio control apparatus of such a 
type, the cost per cent of the switching equipment 
for relatively small transformers can be maintained at 
about the same economically sound ratio as for large 
units. 

Following this plausible route of reasoning, the 
existing heavy current type of load ratio control 
equipment has recently been augmented by a new line 
of apparatus for voltages up to 15,000 volts and cur- 
rents not in excess of 400 amperes. Experience in 
the field, covering a period of several years with the 
heavy current equipment, justified the use of the same 
method of operation for the small type. In other 
words, diagram 1A of Fig. 1 applies unchanged to 
either of the two types; the difference being entirely 
in the mechanical construction. A short description 
will best serve to illustrate the differences. 
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A. HEAVY CURRENT TYPE 


For current ratings up to 1,000 amperes, the multi- 
point selector switch, or ratio adjuster is a very sub- 
stantially built device consisting of two molded 
compound heads, into which are fastened securely 10 or 
12 round copper rods. (See Fig. 2.) To insure 
additional electric strength between adjacent rods, a 
short collar of “‘herkolite’’ surrounds each rod where 
it goes through the top and bottom head. In the 
center of this cage-like structure moves a set of copper 
contact fingers, each under the pressure of a strong 
helical compression spring. A combination of crank- 
shaft and cam arrangement causes this set of fingers 
to slide on and off each rod as the center shaft is 
revolved, but maintaining at the same time permanent 
contact with the center which is connected to one 
of the 10 or 12 rods. To 9 or 11 of these rods are 
carried cables of suitable size from the taps in the 
transformer winding. The wiping action of the fingers 
on each rod immediately before making final contact, 
and the mechanical sturdiness of the whole adjuster 
(the 10-point type weighs 82 lb., the 12-point type 
weighs 116 Ib.) are important features of these switches. 
Operating always under oil, the lubricating problem is 
easily solved. Mechanical life tests on these adjusters 
showed no visible wear after half a million operations. 


For a single-phase transformer two of these adjusters 
are required; for a three-phase transformer two three- 
phase stacks are necessary. According to the cycle of 
operation, provision must be made to operate these 
adjusters intermittently, that is, on a single-phase 
transformer one of them has to be reset ata time. On 
a three-phase transformer one three-phase stack must 
be reset ata time. This is accomplished by a specially 
designed intermittent gear, consisting essentially of a 
gear sector which when turned, engages alternately 
with a small pinion at the right and one at the left; 
the two pinions transmitting their motion to the 
operating shafts of the ratio adjusters. Gear and 
adjusters are mounted as a rule, inside the transformer 
tank and form a self-contained unit with core and coils 
as shown for a single-phase example in Fig. 3, with the 
main driving shaft brought out oil-tightly through the 
wall of the transformer tank. 


Consistent with a maximum current rating of 1,000 
amperes, a heavy duty current interrupting device is 
fastened to the outside of the transformer tank. A 
special type of oil-immersed contactor was developed 
for this purpose. The very high kv-a. rupturing capac- 
ity to which modern circuit-breaker designers justly 
point with pride, is not required for the duty imposed 
upon breakers in circuits asin Fig. 1. Current carrying 
ability, good insulation to ground, short-circuit strength 
and long mechanical life are of sole importance. Life 
tests have indicated that for very frequent operation 
such as encountered in load ratio control, as compared 
with the only occasional opening of a circuit breaker on 
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a line, a much longer life of arcing contacts results if 
they separate horizontally forward rather than down- 
ward, because the are has less chance to burn the 
contacts. 
These considerations have led to the design of a 
single break, forward motion, double contact type of 


Fig. 3—Corr anp Cots ror SINGLE-PHASE TRANSFORMER, 


EquiIprEeD ror Loap Ratio ConTROL 
Transformer rated 12,500/18,750 ky-a., 69,000 to 13,800 volts, with load 
ratio control of the 73-kyv. type in the high-voltage winding 
contactor; one pair of contacts to carry the current 
‘under normal operation, and one pair of arcing con- 
tacts. The contactor unit is mounted on two heavy 
type petticoated porcelain through-bushings, which 


Fie. 4—Sineie-Puase Contractor Pane. For 37-Kv. Circuir 


AND ur To 1,000 AMPERES 


Oil tank removed 


are bolted to a thick steel plate. (See Fig. 4.) For 
single-phase transformers such a steel panel carries 
two contactors; for a three-phase machine, six con- 
tactors. A scroll cam and two steel rollers moving 
in its groove, together with two sets of toggle levers, 
translate the rotating motion of a vertical drive shaft 
into intermittent opening and closing of the contactors. 
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While the steepness of the groove in the scroll cam 
determines the closing speed of the contactors, their 
opening is made trip-free and very fast by the roller 
upsetting the toggle. The whole arrangement is 
mechanically very simple. Depending upon the cir- 
cuit voltage, these contactors can be mounted on 
porcelain bushings for 15-, 37-or 73-kv. operating voltage. 
Contactors of this type are capable of rupturing 1,000 
amperes at least 7,500 times with one pair of arcing 
tips, representing an average useful life of over two 
years, at the end of which time the two pairs of tips 
per phase can be readily and cheaply renewed. En- 
closing the contactors and bolted oil-tightly against 
the main steel panel, is an oil tank. For the three- 
phase type, insulating flash barriers are placed between 
phases. 

For the remote operation of these mechanisms is 
provided a powerful— 

Motor Drive, located underneath the contactor 


5—EXTERNAL VIEW OF SINGLE-PHASE TRANSFORMER WITH 
Loap Ratio ConTROL 


Fie. 
Transformer rated 20,000 kv-a., 132,000 grounded Y to 22,000 volts 


tank. On transformers in short tanks, the drive is 
directly underneath, while on tall tanks the drive is 
lowered near the trucks so as to be conveniently acces- 
sible for inspection or emergency hand operation. In 
addition to the customary accessories such as a motor 
reversing relay, a positioning controller, a limit. switch, 
a dial for local and remote position indication, etc., 
the drive also contains an automatically operated clutch 
which disengages the motor if an attempt should be 
made to run it beyond limiting positions. Worthy of 
note also, is the introduction of electrodynamic brak- 
ing of the motor, which insures prompt stopping with- 
out the necessary maintenance of brake bands. A 
weatherproof and dustproof housing encloses the 
motor drive. 

Fig. 5 shows the external appearance of a complete, 
heavy current type load ratio control transformer. 
This is one unit of a 60,000-kv-a. three-phase bank, 
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rated 132,000 volts grounded Y to 22,000 volts, with 
control at the neutral of the 132-kv. windings. Nine 
operating positions are provided between the no-load 
ratio limits of 116,000 and 148,000 volts. 


B. Low-CuRRENT TYPE 


The main difference between the heavy-current type 
and the new equipment for lower current and voltage 
lies in the simplified type of selector switches (ratio 


6—Twin Ratio ADJUSTER FOR NINE OPERATING 
Posirions AND uP To 400 AmpERES 


Fig. 


adjusters) in a smaller type of oil-immersed contactors, 
and a smaller motor drive. 

1. Ratio Adjusters. To comply with the diagram 
1A of Fig. 1, two ratio adjusters or selector switches 
are required, the individual points of which are con- 
nected to one set of transformer taps. To insure the 
proper mechanical sequence of operation, provision 
has to be made to move these two sets of switches one 
atatime. In the large type of apparatus an intermit- 
tent gear is used to accomplish this. In the smaller 
sizes it has been found possible to combine two ratio 
adjusters and the intermittent gear into one piece of 
apparatus called “twin ratio adjuster.” (See Fig. 6.) 
The construction comprises essentially two dial 
type switches, each operated by a Geneva stop gear 
and a driving pawl. When turning the main driving 
shaft one complete revolution, each dial switch will 
be moved a definite angular distance from one tap 
contact to the next. 

Formerly known dial switches were either of the solid 
contact and movable brush type, or of the stationary 
clip and moving rigid knife type. Both of these con- 
structions, even when made very accurately, are difficult 
to maintain in perfect contacting condition. The new 
dial switches have stationary knife contacts and 
movable but self-alining clip contacts. Pressure on 
the clips is maintained by reliable helical compression 
springs. The stationary contacts are copper bars to 
which are welded suitably located copper blades. Nine 
of these copper bars are held in a cage-like fashion be- 
tween two heavy compound end-plates. The moving 
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clip contacts are attached to two molded compound 
Geneva gears, each with nine scallops, corresponding to 
the nine fixed contact bars. 

A twin ratio adjuster of this type represents there- 
fore, a very compact unit, giving the two sets of contact 
fingers and the desired intermittent motion in a me- 
chanically simple way. The wiping nature of the con- 
tact assures excellent current carrying ability, which 
further improves with use. Electro-dynamic stresses 
in case of a short circuit are entirely eliminated, since 
the contact clip grips the stationary blade from both 
sides. Tests with over 25 times normal current (more 
than 10,000 amperes) showed neither welding nor sput- 
tering. One such unit is required for a single-phase 
transformer; three of them for a three-phase machine. 
In the latter case, the three twins are gang-mounted 
in a straight line, with insulating couplings between 
them. It is customary to use the rear plate of the twin 
adjuster as an oil-tight window, fitting over an opening 
in the upper part of the transformer tank so that the 
adjuster is mounted outside of the main tank in its own 
oil tank. | Bes 

2. Contactors: The current carrying and current 
interrupting duty of these new, smaller equipments, 
being limited to 400 amperes, makes it possible to sim- 
plify the design of the contactors. (See Fig. 7.) A 
great many laboratory tests were made, to investigate 
the possibility of carrying and arcing on the same pair 
of contacts, with very satisfactory results. Even at 
double the rated current (800 amperes) thermo-couples 
fastened to well-worn tips, recorded after several hours 
no undue temperature rise of the contacts. Conse- 


Fic. 7—Sineue-PHase Contactor ur to 400 AmprrEs 


Removed from oil tank 


quently, the new light-duty contactor was made with 
only a single pair of contacts per pole. 

Further research indicated that the position of the 
contacts has a decided influence on the life of the arcing 
tips, as explained for the heavy current type. There- 
fore, the design of these contactors is also made so as to 
open forward in a nearly horizontal plane. A further 
simplification was made possible by mounting the con- 
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tactors on an insulating panel, without the use of porce- 
lains, and by using insulating arms on the contactors. 

A circular metal scroll cam, located between the 
two contactors, accomplishes enforced opening and clos- 
ing of the two contactors in proper and definite time 


Fig. 8—AssEMBLY OF Twin Ratio ADJUSTER AND Con- 
TACTOR FOR SINGLE-PHase Loap Ratio CoNntTROL 


Removed from its oil tank 


sequence with the twin ratio adjuster, which is driven by 
the same shaft. 

The contactors, with their simple cam mechanism, are 
located in a small cubical steel tank, which contains also 
the twin ratio adjuster already described. The arcing 
of the contactors gradually carbonizes the oil, which 
necessitates taking two precautions: 


Double Core Method 
of Load Ratio Control. 


Fie. 9—Srneue-PHAsSE D1aGRAM FOR DovusBLEe-Corzr METHOD 


oF Loap Ratio ContTRoL 


1. All insulating surfaces are in a vertical position 
to prevent carbon depositions. 

2. The oil in the arcing compartment is prevented 
from mixing with the oil in the ratio adjuster com- 
partment. 

Fig. 8 shows a view of the assembled ratio adjuster 
and contactor panel taken out of their oil tank. ; 

For certain transformer connections, particularly for 
double-core transformation on very high-voltage regu- 
lating transformers shown in diagram Fig. 9 it becomes 
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necessary to move the two contact arms of a twin ratio 
adjuster in opposite directions. This is accomplished | 
readily by the introduction of a pair of reversing bevel 
gears. 

3. Motor Drive. Depending upon local circum- 
stances, various methods of remote motor control are ap- 
plicable to these small load ratio control equipments. A 
bank of three single-phase transformers can be oper- 
ated by one motor drive with interconnecting shafts be- 
tween the three units. This results in lowest cost, great 
simplicity, and absolutesynchronism of the three phases. 
Universals and slip-joints in the interconnecting 
shafting make misalinements in the set-up of the in- 
dividual transformer units, of no consequence. It 
is also possible to provide each single-phase unit with 
its own individual motor drive, all of them connected to 
a common control switch, so that they all pick up to- 
gether and complete their cycle of operation as governed 
by a controller on each unit. 
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Discussion 


L. F. Blume: The development of load ratio control appara- 
tus for application to large high-voltage power transformers has 
been fully justified by their successful operation over a number of 
years, and by the increasing demand for them on large intercon- 
nected systems. The fact that in this field the inherent cost of 
the mechanical parts was a rather small fraction of the trans- 
former cost warranted the development of the mechanism on the 
most conservative lines, in order to obtain complete assurance of 
reliable operation and also the best possible electrical character- 
istics. This point of view produced a piece of apparatus, which, 
on account of the inherent cost of the mechanical structure, 
became uneconomical for application to smaller transformer 
ratings. ‘ 

The smaller outfit which is deseribed in the paper under the 
heading of “Low Current Type,’’ was developed primarily to 
meet the demand for a less expensive equipment for application 
to moderate size transformers. It is obvious that it would have 
been a step backward to obtain a less expensive outfit by sacri- 
ficing either reliability of operation or the many desirable elec- 
trical features of the larger size. Such features as the following 
are all valuable in the smaller as well as in the larger applications. 

1. Uniform voltage steps throughout the range of control at 
all loads and power factors. 
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2. Elimination of circulating current on all operating 
positions. 

3. Minimum losses and costs obtained for current limiting 
reactor. 

4. Flexibility in application. 

5. Two multiple contacts.on all operating positions. 

Cost reduction was brought about without sacrificing any of 
the above features, by an intensive study of the mechanical de- 
sign, having in mind the simplification of the mechanical struc- 
ture and taking advantage of the accumulated knowledge of 
the performance of load ratio control in test and in the field 
during the last five years. 

John S. Lennox: We have found that important advantages 
in manufacture and installation have resulted from assembling 
the ratio adjusters and contactors in the manner described. 

Until the development of the “twin ratio adjuster” this unit 
assembly mounted entirely separate from the core and coils of 
the transformer was not practical without sacrificing the impor- 
tant advantages of method (1) as listed in the paper. Further- 
more, it is accomplished in this design with a minimum length of 
tap leads, because the connections to the ratio adjuster are made 
on the inside of the transformer tank. 

The sturdy construction, heavy contact pressures and com- 
plete mechanical interlocking that have resulted in uniformly 
successful operation of the heavy current equipments have been 
retained. 

This design, which will be known as type LR-12, has proven 
so satisfactory in manufacture, application and operation that 
its use is being extended to other ratings. A 1000-ampere, 
15,000-volt equipment has already been developed, only those 
changes being made as are required for the higher current rating. 

W.W.Edson: The advantage of load ratio control soon won 
its adoption to many transformers, but, as so often occurs with 
new apparatus, mechanical defects of the equipment itself have 
frequently tended to diseredit such installations. 

A single mechanical failure may cause a disastrous electrical 
fault or may produce an adverse reaction against tap-changing 
equipment in general. An installation for which the customer is 
paying thousands of dollars may be marred by the use of a cheap 
and unreliable contactor or by attempting to use a house lighting 
switch as a limit-switch. Frequently the gears are fastened to a 
shaft by inadequate pins instead of keys, thus introducing the 
possibility of the equipment being left on different phases. 
Operating cams or other details made of insulating material may 
not have been properly dried and the entrapped moisture might 
cause an electrical fault. 

Accessibility for maintenance, inspection and repairs, visibility 
of the operation indicator, ease in manual operation, ete., are 
requirements which must be given careful consideration in de- 
signing new equipment such as this. 

The final inspection and tests should be made after the tap- 
changing equipment has been installed on the transformer to 
insure there has not been an unexpected lowering of the voltage 
rating and to prevent any possibility of the three phases being 
out of step with each other. 
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Synopsis.—Experience has shown that the forces on turbine 
generator armature windings during short-circuit conditions are 
large. The windings may be seriously damaged if adequate 
consideration is not given to the design of the coil bracing. and 
support. 

In this paper the forces are calculated for a particular case by 
the use of images, by the change of flux interlinkages, and by the 
JS H? ds over some surface in air which surrounds the conduc- 
tor under consideration. A new and relatively simple proof is 
given for the validity of the latter method. The limitations and de- 
sirable applications of each method are considered. 

Forces on conductors in armature slots are computed when 


saturation is considered, and when neglected. Approximate 
formulas are derived for the forces on coil sides within one layer of 
the conical end winding, and for the straight coil extensions from 
ihe slots. A numerical example is given in each of those cases. 
The applicability of certain of these formulas to the phase con- 
necting rings 1s pointed out. The force on the entire conical 
surface of the end winding is discussed qualitatively. 

Certain desirable features of end winding bracing are mentioned. 
' In most of these cases, the instant considered is that following 
a line-to-neutral short circuit when the maximum possible instan- 


taneous current is flowing. 
* * * * * 


I. General Discussion of Forces during 
Short Circuit 


A. General Problem. It is the purpose of this paper 
to consider the maximum forces exerted in turbine 
generators on the various parts of diamond coil stator 
windings. Conditions at the instant when the maxi- 
mum possible instantaneous current flows in the arma- 
ture winding on a line-to-neutral short circuit are given 
the most attention. A great deal of work has been 
done by previous investigators to establish methods 
for pre-determining the magnitudes of the currents, 
which result *from instantaneous short circuits. The 
various cases, such as line to line short circuits, line to 
neutral short circuits, ete., have been considered in 
great detail. Much work has been published on the 
calculation of forces on bus structures and switches. 
However, it is believed that very little, if any, work 
has been published concerning the forces exerted on 
the windings of rotating machines during transient 
conditions. 

A very brief consideration of the magnitudes of the 


short circuit currents and the proximity of these in the . 


coil sides will quickly convince one of the importance 
of these forces. Peak values of 50,000 amperes in 
parallel conductors with a spacing of about 134 in. 
from center line to center line of the coil sides is quite 
a reasonable possibility in well designed machines of 
only moderately large ratings. 


Three things are necessary in the study: 

1. The determination of short-circuit currents, 

2. The determination of the flux fields, and 

3. Methods of calculating the forces exerted on the 
conductors after the currents and the flux fields are 
known. 


The peak value of the armature current per coil side 
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can be determined from the works of various authors.!? 
In this paper, it will be assumed that the armature 
currents can be computed with reasonable accuracy, 
(see Appendix A). The other currents, or perhaps it 
should be said magnetomotive forces, will be deter- 
mined through the very useful principle applied by the 
same authors, namely, that of the tendency for currents 
to flow in such directions as to maintain constant flux 
interlinkages in all the closed electric circuits in the 
metallic parts of the machine. 

The flux distributions will be established by means of 
the relation “ H’dl’ =0.4 aI (see Appendix B). The 
usefulness and applicability of this principle has been 
thoroughly demonstrated by the quite accurate solu- 
tions of a number of the more important two dimen- 
sional flux fields in electrical machines.?}8)12 

The forces will be calculated in this paper for two 
dimensional fields by one of three methods; each of 
these will be demonstrated later in detail. The first, 
is based on the use of images, and that the force exerted 
between two parallel conductors is proportional to the 
product of the currents, to the length of the conductors, 
and inversely proportional to the distance between the 
conductors.4* 

The second method is one which is very commonly 
employed. It is based on the rate of change in inter- 
linkage (and, hence, of stored energy) with the dis- 
placement of a conductor while the currents are main- 
tained constant. The third method is based on the 
fact that the force on any current carrying conductor 
existing in an electric field can be determined from 
J H?’ds, taken over some surface surrounding the 
conductor.® 

In one instance the force will be computed by each of 
these three methods to show that for the same boundary 
conditions, all give the same results. In other cases, 
it may then be assumed that the most convenient 
method is the best. However, the third method 
mentioned above will appear to be the most promising 
where saturation must be considered. This is very 


1. For references see Bibliography. 


178 


30-158 


commonly the case, because the enormous currents 
necessary to produce forces of real consequence are 
often so situated that they do saturate some of the 
adjacent iron parts. 
B. Division of Problem. The problem is arranged in 
parts according to the most convenient divisions of the 
: _ flux fields. These will be taken up as follows: 
1. Forces on conductors in slots. 
2. Forces within either layer of the conical surface 
of the end winding exerted on the sides of the coils. 
4 3. Forces on the straight coil extension from the 
slot. | 
_ 4, Forces on the phase connecting rings. 
q io _ Forces on the whole conical surface of the end 
winding. 
. 
q 
: 


AW Detailed Discussion of Forces during 
5 are Short Circuit — 

. A. FoRCES ON CONDUCTORS IN SLOTS 

In the study of the forces acting on the embedded 


7 portions of the armature conductors, there are three 


main problems to be considered, 7. e.: 
1. Is the magnitude of the compressive force on 
the coil sides great enough to damage or rupture the 
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integral of H® around each conductor. This will be 
done for the case of embedded armature conductors 
when saturation is not considered. 

Figs. 1, 2, and 8 illustrate the flux distributions in - 
rectangular slots for three different current values. 
(These are taken from an article on graphical field 
mapping,*:'' where they were drawn in accordance with 
the principle outlined in Appendix B of this paper). 
Substantially the same results were obtained in a later 


Fig. 2—CurRENTS HQuat IN VALUE BUT OPPOSITE 


In DrrectTion 


Tron of infinite permeability and resistivity 


paper by Messrs. Robertson and Terry, who made a 
very careful mathematical analysis.’ 

Fig. 1 represents the current conditions on a single- 
phase line-to-neutral short circuit in machines with — 
an armature throw greater than 24, or a single-phase 
line-to-line short circuit with any commercially practi- 
cable coil throw. Fig. 2 represents some instantaneous 
condition during short circuit on a machine with a 
chorded winding, while Fig. 3 corresponds to.some other 
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some modifications, the forces will be calculated from 
the conditions shown in Fig. 4. 

Methods are available for considering the shape, 
dimensions, and separation of rectangular conductors 


i 
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A 
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38—CuRRENT IN THE Upper Conpuctor Twicr THAT OF 
THE LOWER AND IN THE OpposiITE DIRECTION 


F 1a. 
Iron of infinite permeability and resistivity 


in computing forces, if adjacent sides of the conductors 
are parallel.4° However, there do not seem to be 
any methods worked: out for the case of conductors 
placed in other positions relative to one another. 
It will be assumed for the present that the current in 
each conductor in Fig. 4 is concentrated at the center. 

Then the force between two parallel line conductors 
in Fig. 4 will be 
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Fig. 4—RePLACEMENT OF THE SLOT SipEs or Fig. 1 By 
AN INFINITE SERIES OF CoNDUCTORS, TO OBTAIN THE IDENTICAL 
Fiux Fre.p 


where F = force in lb. per linear in. of conductor. 
I, = current in one conductor. 
I,, = current in the other conductor. 
a = distance between the conductors in inches. 
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Then in Fig. 4, the total force on the upper con- 
ductor is 


n=+o 


Tyr 
7 “445 (10) ae a 


a=V¥ +x 
From symmetry, it can be seen that the forces in the 
x direction cancel, because corresponding to every 
pull to the right there is a duplicate one to the left. 
Then the y component of force is 


(2) 


also 


See Se 
— 445 (10) VYptiae J pt oe 
n= +o 
2) I, chs y 
Furie aie (10) oy? + 2 4) 


To avoid the labor of making this summation to 
values where the contributions to F, are negligible, 
a further simplification may be made. It will be ob- 
served that J, = I,. If each value of J, is assumed to. 
be spread out evenly so that the group form a sheet 


Fig. 5—REPLACEMENT OF CERTAIN SERIES OF CONDUCTORS 
In Fig. 4 ro AID IN CALCULATING THE APPROXIMATE FORCES 


through the centers of the conductors, instead of being 
assumed concentrated at the centers, then 


eae 
sali (5) 
and the total force in the y direction, from Fig. 5, is 
Y=98 x = +0 
21. y (d x) 
r= > aie 445 (10'S. +a) © 
BS Mie a) 
ahs 63 
ys oy) 2a ae D. yy SHS 
Py = Ge aoe tae oh ED 
i eas A | 
I? oe 
y= 14110 3 multiplied (8) 
by [Number of layers below the conductor 
minus the number of layers above the 
conductor] 
Where the layers are both imaged and real, as shown 
in Fig. 5. 


In Fig. 1, where the currents are equal and in the 
same direction, 


March 1931 
_ For the upper conductor, 


I? 
fy = 42.3. 10° X= 


Sie (9) 


For the lower conductor, 


T.2 

pe 14. Leds 1078 & oe 

These forces are toward the base of the slot. 

Calculation of the Force from the Rate of Change of 

Interlinkage. This method is very commonly em- 

ployed. In the following case, it is based on Maxwell’s 

equations for the stored magnetic energy in ergs in 
two electric circuits, 7. e. 


I? Ly! y ae Or 
25 ORO 
The single-phase short circuit will be considered. 

Then 


(10) 


100 W’ = ( EL I,’ ) (11) 


Ih = Vhs; (12) 

If, for the instant when the current is at the peak 

value, a conductor is allowed to move by a small 
amount, then 

d W,’ =F,’ dy’) (13) 

or CW =F, (d.2x’) (14) 

But the work done must be at the expense of the 


stored energy, and the forces in lb. per in. of conductor 
are 


teas I? ( d L, d Le 9 dM ) ” 
F. = 8.85 I,? ( d Ly d Le : ‘* —) 4G 


As before, the « components of the force will be 
considered first. The values of Li, L2 and M are single 
valued and continuous functions of the displacement. 
In Figs. 1, 2, and 3, the values of L,, L,.and M may 
either increase, decrease or remain constant, but it will 


be the same for a motion + Ax as for — Ax. Then 
dL, d Ly dM each 
zoe 0, Fh 0, and ae 0, individually, 

so that 

(as was found before from the solution by the aid of 

images). 


The forces in the y direction will now be considered. 
Robertson and Terry’ made calculations which showed 
the usual assumption was a good one, namely, that 
the: flux went straight across the slot. Proceeding 
on this basis, suppose that the upper conductor is 
moved downward a distance d y. 


Then 
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Substituting i orp (18), (20), and (21) in (15) 
I? 
of, = 8.85 [8.19 + 2 * 3.19) x 107] 9 (23) 
, pe 

of, = 42.45 x 10° 5 (24) 


By supposing that the lower conductor is moved 
downward, and the upper held fast, it will be found that 


IT 2 
wy = 14,15' 7104 3. 

Equations (24) and (25) are in very close agreement 
with equations (9) and (10), respectively. 

Calculation of the Forces from the Integral of H? 
Around the Conductor. Any surface will be chosen 
which surrounds a conductor. It will be imagined 
that the chosen boundary is rigid, and that forces 
exist between this surface and the conductor. The 
forces on the surface will act as follows: there will 
be tension along the flux tubes producing a force in 
dynes per unit of area. 


(25) 


Cae 
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and there will be pressure per unit of area exerted 
perpendicular to the flux surfaces (designated by a 
negative sign). 


F' = (26) 


i)? 
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(H’ = lines per sq. cm.) 


Fl = — (27) 


The force on the conductor will be equal and op- 
posite to that acting on the surface. (What is be- 
lieved to be a new proof of this principle is given in 
Appendix D. It is a proof which depends only on 
the more commonly used laws of electricity and magnet- 
ism, and which requires no detailed mathematical 
study). 

Converted into units of lb. per sq. in. and lines per 
sq. in., equations (26) and (27) become 
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F = + 0.0139 aan — ) (28) 
F = — 0.0199 (7, < i 29 


respectively. 
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Applying equation (29) to the conditions indicated 
by Fig. (1), it is found that between conductors 


I 
= 3.19 —— 


Ay, 3 


and above the upper conductor 


By=2 XeAg =, and the same results are found for 
oF, and iF, as are given by equations (24) and (25), 
respectively. Since the pulls on the two sides of the 
slot are equal and opposite, F, = 0 (as was found 
before). 

Forces Tending to Drive a Conductor out of the Slot. 
In any case where the winding pitch is between 24 
and full pitch, a three-phase short circuit may be ex- 
pected to produce a flux distribution at one instant 
somewhat like that shown in Fig. 2, where the currents 
are equal but opposite in direction. 

It can be shown by any of the three methods de- 
veloped that for Fig. 2 (when saturation is neglected) 
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Se 


The minus sign indicates a force tending to drive 
the upper conductor out of the slot. Also 


2 


F, = — 14.15 x 10-8 (30) 


I; 


i, = "+ 1415.%,10% g 


(31) 

and acts toward the bottom of the slot. 

_ It will be found that the force »f', will be consider- 
ably less than the maximum value existing on a single- 

phase short circuit. However, it is still important, 

because the wedge must carry the load. This force 

should be given consideration, particularly in machines 


Fie. 6—Srction or Fie. 1 with a SMALL ParRT OF THE 
Conpuctor ELECTRICALLY IN PARALLEL BUT INSULATED FROM 
THE REMAINDER 


which can have high currents per slot, and which 
have wide slots. 

If the coil were slightly loose so that the wedge 
could receive a series of impact blows (which would 
arrive at twice the normal electrical frequency of the 
machine), the possibility of failure would be con- 
siderably greater. 

Forces on Individual Strands. It is intended, next, 
to determine whether there are any electromagnetic 
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forces tending to separate the strands of any armature 
conductor. It will be assumed, first, that a small 
cylindrical hole is cut through a coil, as shown 
in Fig. 6. In this hole there is one small conductor, 
which is electrically in parallel with the main con- 
ductor, but the two are not in electrical contact at 
the section shown. The flux density at this point 
will be just the same as if the insulating space sur- 
rounding this strand were of conducting material, 


7—DIAGRAMMATIC SKETCH FOR THE INSTANT BEFORE 
Snort Circuir 


Bra: 


for this space may be assumed to be very small. By 
making the hole extremely small, the direction of the 
force is more easily perceived. The flux density H’ 
(due to the main conductor) must be single valued, 
so that as the isolated conductor is made smaller the 
main field on its two sides becomes more and more 
nearly parallel. The force acting on this conductor is 


(AD) 
10 


and is in the direction of the weaker resultant field. 
This is along the ampere turn line toward the m. m. f. 
center. Hence, all parts of the conductor are com- 
pressed toward the m.m.f. center. The strands 
further out are in stronger fields. They are acted on 
with greater force so that there are no effects due to 
the inertia of the strands which may tend to separate 
them. From an examination of Figs. 1, 2, and 3, it 
will be seen that there probably are no combinations 
of current values possible in armature conductors, 
which will result in electromagnetic forces, tending to 
disrupt the coil sides by the separation of the strands. 
Any forces which separate the strands must be brought 
about by pulsating forces which press the whole con- 
ductor against its supports (bottom of the slot and the 
wedge) with such violence that the strands are shaken 
apart. 

Reduction of Forces Due to Saturation. Saturation 
of the armature teeth will greatly reduce the forces. 
In order to consider this feature, a brief survey of 
the general flux distribution is necessary. 

The particular condition which will be considered is 
that existing at the instant one-half cycle after a single- 


AF’ = H! (32) 
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phase line-to-neutral short circuit has occurred. Figs. 7 
and 8 show the resultant flux immediately before the 
short circuit, and one-half cycle later, respectively. 

It is assumed in Fig. 7 that the armature, A, is open- 
circuited, but that the field winding, f, is excited so as to 
maintain normal voltage at the generator terminals. 
No currents of fundamental frequency are flowing in 
the damping circuits D. The armature is short-cir- 
cuited at the instant (0 = 0) when the flux “trapped”’ 
in the electric circuits, A, D and f are as shown. 


; ° 
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8—Di1aGRAMMATIC SKETCH FOR THE INSTANT OnzE-HALF 
CYCLE AFTER THE SHORT Circurr OccURRED 
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It is assumed that in each circuit current will flow 
which tends to maintain constant flux linkages in its 
own particular circuit. 

Then when the rotor has turned 180 electrical deg., 
the resultant flux will be as shown diagrammatically in 
Fig. 8. The sum of the gap and field leakage flux 


Fie. 


(56, +71) must remain practically up to its initial 
value, because this constitutes the flux linkages of the 
rotor winding. However, nearly all of the gap flux 
must pass inside the armature conductors, because the 
latter must have a net interlinkage opposite to that 
which the gap flux, alone, would produce if it returned 
through the stator core. The armature must have 
sufficient leakage flux to maintain its interlinkages 
up to the initial value, and in the initial direction. 
If the stator and rotor had precisely equal leakage 
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paths, and constant interlinkages were assumed, the 
m.m.f. of each member would be practically equal. 
Oscillographic records show that the currents of the 
field winding, f, will not produce an m. m. f. anywhere 
nearly comparable with that of the armature winding 
during the first cycle after the short circuit occurs. 
As the mutual reactance of the rotor and stator circuits 
is high, there must be a.very large current flowing on 
the surface of the rotor. The leakage path for this 
current has a greater reluctance than that of the arma- 
ture. From Fig. 7 the initial flux linkages of the rotor 
are greater than those of the stator. Therefore, in 
order to maintain these very nearly the same in Fig. 8 
as in Fig. 7, the total rotor m. m.f. must be greater 
than that of the stator. This means that at a very 
great distance from all circuits the total m. m. f. of the 
rotor will prevail. Hence, there is a very slight amount 
of air gap flux threading both the armature and rotor 
circuits in a direction opposite to that of the armature 
leakage flux. 

The total armature leakage flux probably will be 
somewhat greater than the no load air gap flux, because 
of the difference in distribution of the two fields. A less 
percentage of the leakage flux links all the winding. 
In addition to this, there must be enough armature 
flux to offset the linkage of the small amount of air gap 
flux which links both windings. The armature leakage 
flux will require relatively few ampere turns for the core 
compared with the number required for the teeth and 
slot. 

The retaining ring leakage flux will be prevented from 
increasing greatly during the first half cycle by eddy 
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9Q—APPROXIMATE DIRECTIONS OF THE FLUX IN THE GaP TEETH AND CORE 


currents and also by saturation. Eddy currents in the 
sides of the rotor teeth will oppose increase in rotor slot 
leakage flux. Consequently, the air gap flux can de- 
crease only slightly during the first half cycle. This 
means that the total rotor magnetomotive force due 
to the winding currents and rotor surface currents will 
exceed the total m. m.f. of the stator by an amount 
approximately equal to the no load normal voltage 
miamet: 

If it were intended to map the complete flux field, cer- 
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tain steps would be necessary. Determine the magni- 
tude of the armature current as described in Appendix 
A, or. by any suitable method. Give to the rotor a 
m. m. f. greater than that of the stator by an amount 
approximately equal to the no load gap ampere turns. 
Determine the rotor winding ampere turns relative to 
the stator from tests on the nearest similar machine. 
Locate the remaining rotor current on the rotor surface 
opposite the stator windings. Draw the flux field for 
the non-magnetic parts by assuming no saturation. 
Complete the field in the iron on the assumption of 
slight saturation and uniform permeability. Calculate 
the ampere turns for the iron parts and attempt to 
redistribute the ampere turn lines to take care of this. 

It is only intended here to consider the effects of 
saturation in a single slot pitch. 

Fig. 9 shows the approximate direction of the flux 
field in the gap teeth and core on a single-phase line-to- 
neutral short circuit for the instant shown in Fig. 8. 

The effect of saturation will be considered in the 
zones Y-Y of Fig. 9. The flux in this zone will travel 
nearly tangentially across the slot and teeth. Except 
for a negligible number of ampere turns required for 
the core, the ampere turn lines from the stator conduc- 
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Fig. 1O—DeENsITIES IN THE SLOT at Y-Y or Fic. 9 Curves 
Snow Stor Densrries ror 50,000 AMPERES PER CONDUCTOR 


(1) when saturation is considered, (2) when saturation is neglected 
and it is assumed that the flux goes straight across the slot 


tors in this slot will proceed almost directly toward the 
rotor currents. These will spread enough to supply the 
requirements of half of each adjacent tooth as well as 
the slot itself. The values which will be used are ap- 
proximately those which existed in an actual machine. 
There will be 50,000 amperes per coil side, or 100,000 
ampere turns for the slot. The densities in the core are 
such as to require less than 1000 ampere turns in the 
iron back of the slot pitch, and hence can be neg- 
lected. Fig. 10 shows the densities in the slot with each 
conductor carrying 50,000 amperes, when the satura- 
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tion of the teeth is neglected, and when it is considered. 
By equations (28) and (29) the forces are as follows: 


Foree in lb. per in. of length 


Saturation Saturation 
neglected considered 
Electromagnetic force on upper con- 
ductor (toward base of slot)...... 1062 695 
Electromagnetic foree on lower con- 
ductor (toward base of slot)...... 354 210 
Sum = total force on lower conduc- 
tor (toward base of slot)......... 1416 905 


This shows that saturation is a most important factor 
to be considered in calculating the loading on the coil 


11—DirrEeRENCE IN DENSITIES ON THE Two SIDES OF A 
ToorTrH UNDER LOAD CONDITIONS 
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insulation in the slot. In Fig. 9 it is seen that for cer- 
tain other conductors the flux will travel nearly radially 
in one tooth which bounds the slot, and it would be 
expected that saturation would have an even greater 
effect in reducing the force on these conductors. Due 
to the dissymmetry of the flux distributions in the 
adjacent teeth, there should be some tangential force 
exerted on the conductors. 

Normal Torque of a Machine. While the torque of a 
rotating machine is not within the province of this 
paper, some mention probably should be made of it. 
It has been pointed out several times in the preceding 
paragraphs that when there is no appreciable satura- 
tion, there is no tangential force exerted on the conduc- 
tors in the slot. In general, this approximates the 
normal running conditions of many machines. The 
torque must be found near the teeth tip in the difference 
in densities on the two sides (see Fig. 11). With 
saturation, the flux will not enter circumferential sur- 
faces in a radial direction and some tangential pull will 
result from the corresponding components, at these 
surfaces. In the old surface wound machines the torque 
was carried almost entirely by the armature con- 
ductors.* It should be noted that when the field map 
has been drawn, equations (28) and (29) can be used to 
determine the forces exerted on the iron and copper 


*This is not a new idea, but has been studied in part both 
theoretically and experimentally. See bibliography reference 13. 

Prof. A. D. Moore has also used for some time in his lectures 
these general facts concerning torques. 


eye 


March 1931 


parts 1n any portion of the field. This applies not only 
to rotating machines, but to contactors, and to any 


other apparatus in which the flux distribution can be 


determined. 

Conclusions concerning the forces on conductors in 
armature slots. 

1. The force pulsating at twice normal frequency 
and pressing the coils toward the bottom of the slot 
on a single-phase short circuit may have a value of 695 
Ib. per in. of conductor (or greater). 

2. On three-phase short circuits in machines of 
less than full pitch, there will be forces tending to 
drive a conductor out into the air gap, carrying the 
wedge with it. These forces, while less than those just 
mentioned above, can be very serious if a coil is loose so 
that the forces on the wedge arrive as impact blows. 

3. The forces exerted toward the sides of the slot 
are very much less, and only exist when the saturation 
in two adjacent teeth is appreciably different. 

4, There are no electromagnetic forces directly 
acting to disrupt the conductors by separating the 
strands one from another. However, the hammering 


of the conductor on the bottom of the slot, if the con-— 
ductor is loose, may cause some internal motion. 


This might be capable of wearing out the insulation 


; between the strands very quickly. 


B. FORCES WITHIN THE CONICAL SURFACE OF THE 
: END WINDING 


Fig. 12 indicates ‘the approximate paths of the 
flux linking the armature end winding on a single- 
phase line-to-neutral short circuit. All currents in the 
parallel conductors are in the same direction, so that 
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from other metallic parts. By making just that 

assumption, the force on any conductor may be com- 

puted by the successive use of equation (1). Thus, 
2 


| ; : ; 
= a5 x 10% (Ne Mecha sack spear ge) (33) 


a 
Where: é 
I = maximum armature current per coil side. 
a@ = spacing center to center between coil sides in 
one layer of the conical surface a the end 
winding. 


N = number of coils per phase group. 
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Fic. 13—APppROXIMATE FORCE AGAINST THE ape) OF THE Cor 


As before, the correction factors for the rare of the 
conductors are neglected. These factors will reduce 
There will be a different cor- 


the force to some extent. 
rection factor for the force between each pair of conduc- 
tors, depending upon whether their spacings are a, 2 4, 
3 a, or (N — 1) a, ete. 

In order to calculate the force per inch of conductor 
within one layer of the conical end winding of the ma- 
chine for which the last numerical example was com- 


puted, it is noted that fe 
I = 50,000 
a =e 149 
N=7 
_ Then from equation (33) 
: F = 154 lb. per in. of ‘conductor. | 


ue 13 shows the probable SOrbs re stig di 


s hase grou, ee 
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2. The force 1s greatest on the inner coil sides of 
the group at the bend (or elbow) of the coil nearest the 
frame. It decreases from there toward the outer bend 
of the diamond coil. 

3. In between these two bends in the coil the force 
may be 150 |b. per in. of conductor, or greater, on the 
assumption that the force may be computed as would be 
done for long straight conductors in air. The fact that 
the space within the phase group is limited indicates 
that the force should be greater than calculated, but if 
the correction for the coil shape is neglected, this is 
compensated for to a certain degree. 

4. This force is sufficient to distort the winding 
unless bracing blocks (or the equivalent) are located 
between coils at quite frequent intervals. 

5. Conductors which are two strands wide are very 
much weaker than those which are one strand wide in 
the direction of this force. It is necessary that a manu- 
facturer know the strength limitations of the coils and 
stay well within them. It should be noticed that while 
the resistance to shear between strands is very low, 
that the copper is held on the ends, so that tests on a 
short bar are not satisfactory. Undoubtedly testing 
coils to destruction on actual machines furnish the most 
reliable data on which to check calculations. 


C. FORCES ON THE COIL EXTENSIONS FROM THE 
FRAME 


Tests on actual machines have shown that the 
straight parts of the coils extending from the slots over 
the retaining rings are almost as liable to failure as are 
the coil sides within either of the two layers of the 
conical end winding. 

The conditions illustrated in conjunction with Figs. 7 
and 8 will be used for the basis of the following calcula- 
tions. It was concluded that at the instant indicated 
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14—DIAGRAMMATIC SKETCH OF THE CURRENTS FLOWING 
IN THE END Zonugs Just OuTsiIpE THE FRAME 


Fie. 


by Fig. 8, the rotor m. m. f. was equal to that of the 
stator plus an amount approximately equal to the field 
m.m.f. at the no load normal voltage condition. 
This applied to the main magnetic circuit. A detailed 
study will be undertaken now in an attempt to picture 
the current and flux distributions just outside the ends 
of the “active” armature iron. 

Figs. 14 and 15 indicate, in a diagrammatic way, the 
currents which must flow in this zone. 
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The currents indicated are as follows: 

I, = the armature current per coil side (as defined 
in Appendix A). 

the current in the field winding for the instant 
shown in Fig. 8. 

the rotor surface current on the outside of the 
rotor. This is practically the continuation 
of the damping currents of the rotor body 
out into the retaining ring. The straight 


I; 


Uso 


Fie. 15—View or Fic. 14 In tHe RapiaLt PLANE AT THE 


CENTERLINE BETWEEN POLES 


parts of armature coils extending directly 
out from the slots furnish the m. m. f. to 
carry these currents out into the retaining 
ring to oppose the armature. If it were not 
for the arrangement of these armature con- 
ductors, there are reasons to believe that 
with a tapered magnetic retaining ring this 
surface current would turn and travel 
tangentially very soon after it left the rotor 
body. However, this seems impossible 
when the armature winding is so near, and 
this belief has been very forcefully upheld 
in a test to destruction. It is assumed, 
then, that this rotor surface current 2,. 
travels axially across the outside surface 
of the tapered section of the retaining ring. 

the transient current flowing in the retaining 
ring to oppose any change in the retaining 
ring leakage flux. 

the retaining ring leakage flux. 

the retaining ring surface current on the in- 
side surface which opposes any change in 
the flux entering or leaving the ring from 
the inside. 

With the currents defined, it will now be possible to 
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consider the ampere turn surfaces. These emanate 
from the rotor field winding and pass through the re- 
taining ring. Most of them terminate on the armature 
conductors which carry current in the opposite direction 
to the field windings. A few of these ampere turn sur- 
faces go through the air gap and through part of the 
stator iron to terminate in the field windings on the 
other side of the pole. 

The effects of the rotor surface currents must be 
considered. The current on the inner surface of the 
retaining rings, 7;;, will be neglected. This is probably 
the wrong thing to do, but it is desired to be on the safe 
side in the force calculations. It is possible, and it 
even seems probable, that this current might nearly 
cancel the increase in m. m. f. in the end zone, due to 
the increase in field current, but this is neglected. 

The net effect of the current 7, is practically zero. 
This component is shown by two current sheets. One 
is in the inner surface of the ring and one in the outer. 
These flow in opposite directions. What. the inner 
sheet subtracts from the m. m. f. between a given pair 
of ampere turn surfaces, the outer adds in again. 
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ring. The real current sheet, 7,., will travel nearly 
axially outward under the straight part of the armature 
coil extensions, because it flows as a sort of image of the 
armature current. 

Oscillographic records of armature and field winding 
currents show that the armature m.m. f. is much the 
greater of the two. Yet the constant inteflinkage 
theory demands that the total rotor m. m. f. be slightly 
greater than the stator. This means that the m. m. f. 
of the rotor surface currents, 7,., is much greater than 
that of the rotor winding J; at the instant shown in 
Figs. 8, 14, and 15. Thisreal surface current, 7;., must 
be as much larger than the imaginary current sheet 
used to replace the saturation of the ring. The resul- 
tant current sheet of the real and imaginary one must 
have almost axial directions of flow under the armature 
coils. The strength of the stator m. m. f. may actually 
be the greater at a short distance out in the tapered 
section of the ring if the effect of the current sheet, 
i.;, on the inside of the ring is considered. 

The purpose of the foregoing discussion of current and 
flux in the end zone near the tapered section of the re- 


Stator Eno PLATE 


Very small armature conductors are used for simplicity in mapping 


There remains the rotor surface current, 7,., and a 
certain contribution from the rotor windings. The 
ampere turn surfaces arriving at the outer surface of the 
retaining ring can be replaced by an imaginary current 
sheet of just the right current density, which flows on a 
ring of infinite permeability. (The replacement of 
saturation by the suitable current sheet and unsaturated 
iron has heen demonstrated by Th. Lehmann in some 
of his excellent papers concerning graphical field map- 
ping.?91) This imaginary current sheet may now 
be superposed on the real (transient) current sheet, 
iso, flowing on the outside surface of the ring. 

The directions of these two component current sheets 
are probably not the same. 

The:saturation in the ring is greatest in the tapered 
section. Consequently, the leakage flux in the ring 
will travel nearly axially across this section. A large 
proportion of the ampere turn surfaces maintaining 
this leakage flux will lie in the ring in fairly near 
circumferential directions. The imaginary current 
sheet used to replace this saturation must have the 
same directions as these ampere turn surfaces inside the 


taining ring has been an attempt to get a graphic picture 
of the actual conditions. Some approximations will 
be made now to compute the forces on the armature 
windings. 

A resultant or equivalent current sheet will be 
assumed to exist on the rotor retaining ring, and flowing 
axially outward from the rotor slots. It will havea uni- 
form current density and a total m. m. f. equal to that 
of the armature plus the no load normal voltage rotor 
m.m.f. The flux to be considered will be assumed to 
remain within the zone of uniform width indicated in 
Fig. 15. (The direction of the flux is approximately 
perpendicular to the plane of that drawing.) Satura- 
tion in the stator end plate is neglected, because it is a 
magnetic parallel on the stator core. The magnitude 
of the eddy currents in this plate cannot be estimated 
satisfactorily. They will be neglected for the same 
reason that the rotor m. m. f. was assumed at its maxi- 
mum possible value, 7. ¢., to be on the safe side. On 
this basis, Fig. 16 was drawn (using,small armature 
conductors), and Fig. 17 drawn from Fig. 16. The 
forces on the conductors may be computed from the 
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integral of H? taken around each one. The way the 
flux encircles the group of coils indicates appreciable 
tangential forces on the outer ones of the group. How- 
ever, the coils may be well braced against this by roped- 
in blocking. The highest radial forces occur on the 
coil sides in the center of the group. A very easy means 
of approximating this force becomes evident from the 
work done concerning the conductors embedded in slots. 
It is as though the conductors lay in slots of width equal 
to the slot pitch. See section Y’-Y’, Fig. 17. From 


equation (24), it seems the force on the conductor near- 
est the retaining ring will be about 


I,? 
q 


ol, = AZ.40 (10-%) (34) 
where g = the slot pitch in inches. 
If g = 2.185 and I, = 50,000, then of, = 485 lb. per 
running in. of conductor. 

Fig. 18 indicates the probable sort of variation load 
against the edge of the coil. 
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Fie. 18—ApproximMaTE Forcer AGAINST THE Evan or THE ColIL 


Conclusions concerning the forces on the coil extensions 
from the frame. 

1. There are fairly large tangential forces on the 
outer conductors of the phase group, similar to those 
within each layer of the conical end winding. However, 
these forces operate against the edges of the strands 
composing the coil sides. Bracing blocks are always 
inserted, and these can be made to give adequate sup- 
port against such forces. 

2. The forces acting radially outward are of appreci- 
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able magnitude. These act against the coil in the di- 
rection in which the individual strands are the weakest, 
but there are many of them in the coil side. Tension 
and compression along these strands operate to prevent 
failure. The force falls off with distance from the slot 
toward the first bend or elbow of the coil, and very 
rapidly beyond the bend. 

3. Experience indicates that this is a less likely place 
for failure to occur than within a layer of the conical 
surface of the end winding, but if the straight extension 


17—Fie. 16 Reprawn ror ARMATURE ConpDuUcTORS oF NORMAL SIZE 


from the slots is long, special bracing should be supplied. 

4. .A matter deserving real consideration is the 
tendency to twist the conductor due to the radial and 
tangential force exerted on the bend nearest the frame 
of the coil side at the inside of the phase group. Careful 
bracing on each side of this bend (see section X-X, 
Fig. 12) must be used to so stiffen the mechanical re- 
sistance of the coil and supports that it will remove this 
possibility of failure. 


D. FORCES ON THE PHASE CONNECTING RINGS 


Rectangular copper straps are bent into semi-circular 
ares, and used to connect the terminals of the machine to 
the ends of the various phase groups. These phase con- 
necting rings are considerably closer to each other than 
to any heavy iron parts. They are located in a relatively 
weak part of the field of the armature end windings. 
The radius of curvature of the rings is rather large. 
Therefore, it seems a reasonable approximation to 
assume that the forces on the phase connecting rings 
will be about the same asif they were straight conduc- 
tors in air well removed from other metallic parts. 

The forces can be calculated by equation (1). How- 
ever, the directions of the currents must be determined 
from the conditions of the short circuit. The usual 
forms of bracing, blocking, and clamping are well 
known. On the whole, they are easy to apply, but 
special attention must be given to the ends of the phase 
connecting rings where they join the coil ends, in the 
machines in which the loading is large, for this is an 
inherently weak place in one turn coils. 


E. ForcES ON THE WHOLE PHASE GROUP IN THE 
CONICAL END WINDING 


A quantitative solution has not been worked out 
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for estimating these forces. Probably their direc- 
tions are almost as important. The currents on 
the retaining ring (the real transient current and 
the imaginary current used to replace the satura- 
tion of the ring) will tend to produce an approximately 
outward force on the phase group. The coils are rather 
centrally located between the iron parts of the frame 
and end-bell, so that the effect of these latter parts 
should tend to cancel out. 

It would be very desirable to have a definite, but 
not too great force, pressing the coils outward toward 
coil supports which are mounted on the frame. Such 
an arrangement would eliminate any need for bolts 
through the winding to hold it back toward the frame. 
There are two ways to accomplish this. Laminated 
iron near the stator end plate to furnish a strong at- 
traction would achieve this result, but it is commercially 
a rather impractical measure. A good conductor on 
the inner end-bell would carry eddy currents which 
would offer a force of repulsion to the armature wind- 
ing and tend to force it back toward the frame. This 
is a practical expedient. An aluminum diffuser for a 
double entrance fan will serve this purpose. However, 
it is possible such a thing might be very badly done. 
If the entire inner end-bell were made of aluminum or 
copper, it would probably have high losses, and possibly 
excessive heating under normal load conditions. The 
reason would be that the path of the armature leakage 
flux would be too greatly restricted. This damper 
would have to render a magnetomotive force almost 
equal to that of the armature. The smaller damper 
will carry only a relatively small current and loss at 
normal load. The tremendous increase in flux on 
_ short circuit will give sufficient current to produce a 
definite force in the desired direction. 

In addition to the forces just discussed where the 
resultant lies in a radial plane, there must be a tangen- 
tial force acting on the phase group in the direction 
opposite to that of rotation. This torque will be due 
to the losses occurring in the end-bell, end plate, etc. 
It is as though these iron parts were the secondary, 
and the stator winding the primary of a surface wound 
induction motor, so that the burden of the torque falls 
on the armature conductors. 

Some further considerations of the forces are given 
in Appendix E for certain limiting cases. 


SUMMARY 


Fairly detailed conclusions have been given at the 
end of each section in the paper, so only a brief summary 
will be made here. 

Three methods of calculating the force exerted on 
current carrying conductors have been demonstrated. 
The method involving the use of images can only be used 
when there is no appreciable degree of saturation. (‘The 
most common configurations which can be imaged are 
summarized in the Appendix C). The method in- 
volving the change of flux interlinkages is most useful 
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where a reasonably simple mathematical expression 
can be obtained; but if the method involves the differ- 


ence of two large values of interlinkages by the use of 


graphical field maps, it is not satisfactory. The 
method which uses the f§ H?ds over any surface 
enclosing a conductor is the most generally applicable. 
It frequently involves the plotting of one rather 
difficult field map, but in such a case there is probably 
no way of avoiding this labor. (A simple proof is 
given in Appendix D for the basic principle of this 
last method for the calculation of the forces.) 

The forces exerted on the embedded armature con- 
ductors during short circuit are computed and the 
great influence of saturation is illustrated. It is shown 
that there are no electromagnetic forces tending to 
disrupt the coil sides by rending apart the strands. 
A graphical picture is given for the normal torque of a 
machine. The forces between coil sides in one layer 
of the conical end winding are computed. The forces 
on the straight coil extensions from the frame are 
approximated. The forces on the whole conical sur- 
face are discussed, and methods of causing the force 
to be definitely toward the frame are pointed out. 
The applicability of simple formula for approximating 
the forces on the phase connecting rings is also pointed 
out. 
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Appendix A 


ARMATURE SHORT-CIRCUIT CURRENT PER COIL SIDE 


The maximum possible peak current per coil side 
which exists at the end of the first half cycle after an 
instantaneous line-to-neutral short circuit is often 
computed by the approximate formula 


Tene KIB K BAS 2 5S 


v2 35 
oe 35) 
3.82 ia 36 
34 Sa 2 xee ( ) 
where, 
I  =maximum short-circuit current per 
coil side. 


Toms = Y.m. sg. value of normal load current 
per coil side. 


X,” = subtransient reactance expressed as a 
decimal fraction. 


*All of the Westinghouse Company. 
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BASIS OF GRAPHICAL FIELD MAPPING 


The basis for graphically mapping two dimensional 
flux fields, which is used in this article, has been pub- 
lished several times,*'*:!2 but is given here in an ab- 
breviated form for the sake of completeness. 

Fig. 19 illustrates the flux field of a salient pole 
machine at the no-load normal voltage condition. 
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Fig. 19—F.Lvux Finxp or a SALIENT-PoLe MAcHINE ATTHE No- 


Loap Norman VoutTaGe ConpDiTiIoNn 


It will be assumed correct, and the relations necessary 
that it be the true field will be illustrated (uniqueness 
is assumed). If a unit pole is moved around the path 
0p no linking the current J, and area A» the work 
done is f H’dl’ =0.47TJ],. This is all done along 
the flux line p-mn of length 1,’. If the elemental 
tube of flux A ¢ considered, has a mean width (A d,’) 
and mean density H,’ in this length /,’, then 


Jal! ls! = 0.4 Tv If (37) 
(A ¢) lp’ 
Similarly for the path 
(A ¢) li’ 
Gs 0.4 7 I, (39) 
From the last two equations 
L,//A dy’ R I A 
1 i 1 a AL 1 ey 1 (40) 


Wine R, . I, A» 


where RF is the reluctance and uniform current density 
is assumed so that IJ is proportional to A. The last 
series of relations is sufficient for graphically mapping 
any two dimensional field in the non-magnetic parts, 
if the currents are located and the saturation known 
approximately. 


Appendix C 


IMAGES®:8 
The most common two dimensional field in which 
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the boundaries may be replaced by the use of other 
conductors are those of . 

1. Conductors between two planes which meet at 
a certain angle. The angle expressed in degrees when 
multiplied by some integer must give 180 deg. 

2. Conductors between parallel planes. 

3. Conductors in rectangular slots. 

4. Conductors in completely closed rectangles. 

In the first three cases the plane sides should have 
either infinite permeability (and if an alternating 
field is considered infinite resistivity, or unit permea- 
bility and zero resistivity). In the fourth case if the 
boundary is of infinite permeability there must be 
as much current in one direction as the other so that 
no ampere turn lines penetrate the boundary. If the 
surrounding surface is of zero resistivity, it is not 
necessary that the sum of the currents in the enclosed 
conductors be zero for the surface will carry currents 
to receive any excess ampere turns from the conductors. 


Appendix D 


CALCULATION OF FORCE FROM f H? ds 


It is apparent that every element of current tends to 
establish a field of force around it in such a manner that 
the flux lines form closed loops. Consequently at 
certain conductors in any field the ampere turn lines, 
or lines of no work, must converge at points of no flux 
density. These points will be called m. m. f. centers. 
However, not all current carrying conductors may 
sustain a point of zero density. The centers which 
they might sustain if excited alone are submerged in 


Fig. 20—a. A Conpvuctor wuicuw Mainrains a M. M. F. 


CENTER 


B. A CoNnpucTOR WHICH DOES NOT MAINTAIN A 
M. M. F. Center 


\ 


the main field and only swirls or waves may be left 
to indicate the tendency (See the upper conductor in 
Fig.. 1). The forces exerted will be considered for 
these two cases, namely, (1) when the conductor con- 
tains an m.m.f. center and, (2), when it does not. 
These two possibilities are illustrated in Figs. 20A 
and 208, respectively. Figs. 214 and 21B show exactly 
the same conductors existing in exactly similar fields, 
but with different boundary conditions. These are 
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rictly two dimensional problems. Unit depth per- 
pendicular to the drawing will be assumed. In Fig. 
21 two current sheets, abc and def, have replaced 
the flux lines of Fig. 204, which were in these positions. 
The current in these sheets travels parallel to that of 
the conductor, but in the opposite direction. The 
current densities are such that the ampere turn lines 
leaving the conductor may terminate in these sheets at 
precisely the points where they formerly crossed a 
flux line. 
= In Fig. 214 the lines c d and f a form boundaries for 

the iron of infinite permeability and infinite resistivity 
and are so arranged that the flux lines link the rectangu- 
lar conductor in the same direction as before. In 
Fig. 204, these were portions of ampere turn lines. 
In both cases the flux crosses these lines perpendic- 
ularly. Thus it is seen that the boundaries of flux 
tubes, which appear in these two dimensional fields, 
may be replaced by sheets of current which travel 
perpendicular to the plane of the drawing, and which 
have such current density and sign that the ampere 
turn lines arriving there may terminate in the current 
sheet. Ampere turn lines, which are lines perpendicular 
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to flux may be replaced by surfaces of imaginary iron 
bodies that have infinite permeability (and for a-c. 
i fields, infinite resistivity). 


; Fig. 20B represents a current carrying conductor 
~ with It has been arranged in 


m. m. f. center. 


. the iron is so arranged that the flux 
original conductor in the same manner 
% Loe b ii * 


FORCES IN TURBINE GENERATOR STATOR WINDINGS 191 


The force on a small area of the material carrying 
the current sheet (abc Fig. 214) will be considered 
first. This element of the conducting sheet will be 
chosen so small that it can be considered as plane sur- 


_face. Two views of it are shown in Figs. 224 and 228. 


we. 
Thaw OF (MEIITE ff 
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a : 
Fig. 22s4—A Part oF THE CURRENT SHEET a-b-c oF Fig. 214 


In Fig. 22B the ampere turn lines are shown arriving 
from the rectangular conductor and terminating in 
the sheet. When the small conductor is moved 


(Fig. 224) it will be supposed that there is a rectangular — 


iron block behind it whose surfaces coincide with the 
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1 
— 50 Ai (A @) (41) 


AW = 

Where Az is the current in the small element and 

A@ the flux which passes through the iron block. 

This flux has the same magnitude as that which occu- 

pied this space before the movement of the small 
conductor and iron block. 


but 
Ad =H (ALA (42) 
and 
Aw = LEA TS) (43) 
AYA AR 
AF == 50 (44) 
where 

w’' = energy in ergs 

Ad = number flux lines cut through (measured in 
maxwells.) 

Al,’ = length of conducting sheet in the direction of 
the flux lines. 

Al.’ = length of conductor in the direction of current 
flow. 

Al;’ = distance the conductor Al,’ xX A 1,’ is moved 
inward perpendicular to the ampere turn 
lines. 

H’ = field intensity near the conductor. 

At = current flowing in the element of the sheet. 

A F’ = force acting on the small conductor (measured 
in dynes). 


If a unit pole is moved around the path opqn in 
Fig. 228 linking the current Az, the work done is all 
along the line qr or Al,’ because in this figure H’ is 
zero outside the current sheet. 

H(A! p= 4 a{A® (45) 

Substituting the value for Az in that obtained for 
A F’ and rearranging 

AF 
(A ly’) (A b’) 
which is the force per sq. em. Converting this to 
the force in lb. per sq. in. and lines per sq. in. 


2 


aa 
81 


(46) 


1000 ) ao 
The above force is one of repulsion tending to force the 
current sheet outward. The weaker field is on the 
outside (see the complete Fig. 214). 

The force on the iron surfaces c — d and f — a must 
be ones of attraction inward and the force per unit 
area is 


F = — 0.0139 Onin 


H 2 
1000 ) a) 
(Because this is commonly proved and given in 
handbooks for use in magnet calculations no proof is 
given here). 


F= + 0.0189 ( 
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The same arguments as given above for the con- 
ductor which contained an m.m. f. center (Fig. 214) 
may be applied to the conductor which had no m. m. f. 
center (Fig. 21B). 

It must be remembered that -the force on the rec- 
tangular conductors which is really sought is equal and 
opposite to the integral of the force taken over the 


234—SIMILAR TO Fig. 218 BUT witTH ONE BOUNDARY NOT 
ALONG ErrHEeR Part oF THE ORTHOGONAL SYSTEM 
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imaginary bounding materials introduced in Figs. 
214 and 21B. 

It is worth noticing that any section of a magnetic 
field may be given new boundary conditions without 
changing the enclosed flux field. It is not necessary 
to restrict the chosen boundary to either one or the 
other part of the orthogonal system as was done above. 
For instance, suppose that Fig. 20B were changed as 
shown in Fig., 234. The new current sheet d—-a’ 


Fie. 238n—Tur New Bounpary d-a’ or Fia. 234 Resotvep 


INTO THE CUSTOMARY ORTHOGONAL COMPONENTS 


has just the right density and the iron body is sea ie 
up behind it. 

It might be imagined that this new iehetiaeg is 
composed of a large number of steps (Fig. 238), the 
surfaces of which lie either parallel to the flux or to 
the ampere turn surfaces. To obtain the resultant 
force on a small section, it is only necessary to compute 
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the two components of force indicated in the latter 
figure. 


Appendix E 


LIMITING CONDITIONS 


A serious attempt was made to gain a view of the 
forces exerted on the entire phase group by mapping 
fields for certain limiting conditions. The distribution 
of the ampere turn surfaces on the retaining ring were 


ince: 


approximated at the center line between poles. The 
two layers of armature conductors in this radial plane 
were plotted as one layer since only the force on the 
entire group was desired. The fields were plotted as 
though they were two dimensional, because this had 
given fairly good results when compared with compass 
readings on stationary flux fields in this end zone. 
It was recognized that the stator and end-bell were 
neither perfect magnetic nor perfect damper surfaces; 
but the field was plotted (Fig. 24) as though it were the 
first, and then (Fig. 25) as though it were the second. 
These both indicate that the winding at its outer edge 
would have a force component toward the frame. 

Aside from approximations necessary to plot these 
fields, it was felt that the omission entirely of the 
power component of the damping currents on the bell 
and frame might be a fallacy which would completely 
nullify the value of any quantitative results. How- 
ever, this method will probably have merits in parts 
of machines where the currents travel either only 
axially or only tangentially, and these two figures are 
submitted for this reason, and because they do give 
a partial picture of conditions in the end zones, 
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LisT OF SYMBOLS 
FLUX, FIELD INTENSITY, AND RELUCTANCE 


@ = flux in maxwells 

= armature leakage flux per pole 
= field leakage flux per pole 

= air gap flux per pole 

og, = retaining ring leakage flux 


os: = leakage flux entering the retaining ring from the 
under side 
H’ = field intensity (lines per square em.) 


H = field intensity (lines per square inch) 
R = reluctance 


CURRENTS (all in practical amperes) 
ii 


I 


r.m.s. value of armature current per conductor 
at normal load 

I, = maximum possible armature current in upper 

conductor in a slot on short circuit 


I, = current in an imaged conductor 

I; = field current per slot at some particular instant 
following a short circuit 

2 = current in some current sheet 

dso = current on the rotor surface and retaining ring 


surface near the air gap 


i, = component of retaining ring current flowing to 
oppose change in ¢, 

ies = retaining ring current on the inside surfaces 
flowing to oppose change in @., 


INDUCTANCES AND REACTANCES 


inductances in practical henrys per in. of length 
along the conductor) 


(All 


L,; & L, = self inductances of circuits 1 and 2, respec- 
tively. 

= mutual inductance of the same circuits. 

= subtransient reactance expressed as a deci- 
mal. 


ForcE, ENERGY, AND POWER 


HE 
Het 


F’ = force in dynes per cm. of length and also per 
sq. cm. 
F = force in lb. per in. of length and also per sq. in. 


w’ = energy ergs. 
AXES AND DIMENSIONS - 


x = distance measured across a slot, or across a 
conductor in the end winding in the same 
direction with respect to the strands. 

distance measured radially inward in a 
slot, or in the same direction with respect 
to a conductor at any points. 

distance between conductors. 

s =a surface in air surrounding a conductor. 

A, & A» = cross-sectional areas taken in current carry- 

ing conductors. ) 
S» = slot width. 
q = slot pitch. 
1 = length as defined at the place used. 
Ad = width of an incremental flux tube. 
N =number of coil sides per phase group. 

N,&N». = number of turns per coil side-in coil 1 

and coil 2, respectively. 


J 
ll 


I 


GENERAL 

Where primes are used as F’, y’, w’, H’, L', and M’, 
dynes, centimeters, ergs, lines per square cm. and 
henrys per cm. of conductor are intended. 

Where they are not used as F, y, H, then lb., in., 
and lines per square in. are intended. © 

Where subscripts as iF',, »F’,, are used, forces in the 
y direction on coil 1 and coil 2 are meant. 

Subscript m, as in @,,, indicates mutual flux. 
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Discussion 


J. A. Terry: Of the three methods employed to determine 
the magnitude of the forces, the second one, based upon the rate 
of change in interlinkages, is the one most commonly used. The 
reason for this is the simplicity with which the desired result can 
be obtained from the inductance of a system, which of course 
must be quite accurately known in order that the operating 
characteristics of a machine may be understood. Thus the 
forces on the end projections of alternator windings neglecting 
the effect of the induced rotor currents may be obtained by use 
of the reactance formulas presented by Mr. P. L. Alger in an 
Institute paper (1928) The Calculation of the Armature Reactance 
of Synchronous Machines. 


The inclusion of the effect of saturation on the forces between 
the coils is a good contribution to the knowledge of the subject 
since, in general, saturation materially complicates analyses, and 
nearly always requires the free use of approximations which can 
only be justified after the solution is obtained by comparing the 
resulting flux densities with those which would result from the 
magnetomotive force obtained in the solution. There is one 
important point which Mr. Calvert might have mentioned in 
connection with the comparison between the forces with and 
without saturation. The comparison has shown that, on the 
basis of the same slot current in both eases there is a total of 1416 
lb. per in. length, neglecting saturation, and 905 Ib. per in. length 
including saturation. As a matter of fact saturation materially 
reduces the reactance of the machine and thus increases the 
current flowing during a short circuit so that the comparison on 
the basis of the same current in both cases does not present the 
true effect of saturation. Tests have shown that the commercial 
turbine alternators saturation may decrease the reactance which 
limits the short-circuit currents to 0.6 of the unsaturated value. 
If this new current were then substituted in the force expressions. 
the force would be (1.6)? X 905 or 2300 lb. However, the 
saturation for such a current would be greater than for the 
assumed current so this foree is fortunately not correct. It 
appears offhand that, depending upon the location and degree of 
saturation, the forces in case of a short circuit might be either 
greater or less than in the unsaturated case. 


In Appendix A a more accurate formula for the line-to-neutral 
short-circuit current which consists of replacing 2g” by 


tq" + 22-1 Bo 
3 


are the negative- and zero- sequence reactances: respectively. 
This will give a slightly higher short-cireuit current in most 
commercial machines. 

Since the repulsive forces between the coil sides of a slot is of 
interest in the design of slot wedges it is of interest to study these 
for some typical cases. Consider that the currents in the upper 
and lower coil sides are numercially equal but out of phase by an 


might just as well have been given; 2 and xo 
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angle @in time. The force between the two coil sides will be 


‘ : 6 
proportional to J? [ sin? wt — BROT sin ( 2wt + 4 )] 
or a Maximum when 
; Ole 0 
sin 2 wt = COM sin ( 21 Fo ) 


The following tabulation gives the relative magnitude of the 
forces and the instants at which they are greatest: 


oO 


Max. Relative Relative 
repulsive values of max. values of max. 

f) force occurs repulsive attractive 

Condition deg when w/ is force are force are 
(Bi DLCCH ae eerie ays nice sia Odes an. os OM Rea aes 33 
Three phase, 2/3 pitch.. 60 .. —47.6 deg....... OQeAOT ie twee le ols 
Two phase, 1/2 pitch... 90... —62.6 deg....... On60Di tee ee 
Three phase, 1/3 pitch. .120...—75 deg....... OS6Atm. ete e os 
ONpitch iwc teh aes roe LSO%e,. —90) > dese... . LOO Uys csr 0 


Calculations for a number of slow speed machines have shown 
that the slot wedges generally used are many times as strong as 
would be required for repulsive magnetic forces only. 


B. L. Robertson: The subject of mechanical forces between 
electric circuits has been treated in a theoretical manner in several 
papers which have previously been presented, and the study has 
also been made of the short-circuit forces existing in reactors and 
transformers. However, the subject of mechanical forces be- 
tween coil sides of rotating apparatus when abnormal currents 
are flowing has received little, if any, attention. The present 
paper therefore becomes valuable because of its attack on this 
problem, and because the treatment gives quantitative results. 


Of general comment is the fact that flux plotting, or magnetic 
field mapping, has been resorted to throughout the paper. It 
forms the only basis of solution to the question of forces when one 
goes just beyond the realm of very simple configurations of iron 
and copper. This statement readily becomes apparent as soon 
as the case of saturation enters the picture, or in treating the 
regions about the coil ends and the end bells. Magnetic field 
mapping, done either graphically or analytically, has become of 
practical importance and this is one more illustration of that 
fact. The industries, however, are the only ones who have as 
yet done much with it. It is treated to any extent only in a few 
of the engineering schools of this country, and it is feared that in 
many institutions it is not even given passing mention. 


In such problems as given in the paper, an average condition 
of operation cannot well be assumed. Hence it is necessary to 
determine the maximum forces which may exist. Nature is 
sometimes just so perverse that if the worst condition were not 
accounted for in design, it would surely be met in operation. 
The maximum force calculated is 1,416 lb. per in. length of 
conductor and has been obtained for that case involving all 
unfavorable influences. At such high values of current as those 
with which the paper treats, or really for all those cases in which 
the short-circuit current is many times the normal value, it is 
shown that saturation is appreciable and should not be neglected. 
The inclusion of it in the analytical work yields results not quite 
so pessimistic, as pointed out, when only one value of current 
is considered. 

Because of the fact that saturation is so pronounced, it clearly 
indicates the importance of knowing in a quantitative way just 
what it does under other circumstances in which it may have a 
significant magnitude. Saturation, of course, is always recog- 
nized as influencing the results obtained on the basis of no 
saturation, but is seldom assigned any value. The paper illus- 
trates one case in which its effect is calculable, and as mentioned 
above, the result has come through field mapping. 


FORCES IN TURBINE GENERATOR STATOR WINDINGS 


195 


It is interesting to note that the interpretation of equation (8) 
of the paper shows that the value of y is immaterial just so long as 
it is finite. The radial forces toward the tops or bottoms of the 
slots are not dependent upon conductor spacing in a vertical 
direction. This fact could also be reasoned out from Fig. 4 with 
its symmetry of current carrying conductors and their images. 


It is an experimental fact that two conductors carrying current 
when placed parallel with each other exert such a force action 
upon each other that they tend to draw together unless con- 
strained. The local flux fields between the conductors are 
thought of as wiping each other out, leaving a field which encircles 
both conductors as a unit. The same fact may be shown to be 
true with many conductors carrying currént in the same direction 
and placed mutually parallel. 


This is exactly the situation met in any coil side, and since 
the condition does not exist that the current in some of the strands 
is reversed to that in others (skin effect excluded), the resultant 
force is always one of contraction upon the bundle of conductors. 
It makes no difference as to the direction of the current flow. 
For any coil side taken singly, the force will always be toward the 
bottom of the slot, as can be deduced from the treatment of 
images, since the conductors and images act as a larger bundle 
of conductors with currents flowing in the same direction. 


The physical fact just stated is experimental proof of conclusion 
(4), concerning the forces on conductors in armature slots, that 
the coil sides have no disrupting forces within them. It can also 
be used to verify the results, shown by Equations (9) and (10), 
that the foree on the upper coil side is greater than that on the 
lower one. Conductors situated farther from the center of the 
coil are in a stronger field, and assuming equal current densities 
in the strands, the foree action upon them is greater. The 
observed fact that parallel conductors carrying currents in 
opposite directions have a mutual force tending to separate them 
leads to conclusion (3) of that same group. 


I would like to point out that the calculations made by Mr. 
Terry and myself in our paper on Analytical Determination of 
Magnetic Fields show that the assumption that flux went 
straight across the slot applies only to total slot flux, or to slot 
inductance. It is not true when near the kernel, and if that 
region is to be investigated, the approximate method of assuming 
straight flux lines cannot be used. That paper also determined 
by the analytical method that a m. m.f.-center does not exist 
in every current carrying conductor. This had previously been 
shown by Calvert and Harrison in a graphical treatment, and is 
stated in Appendix D of the above paper. 

The paper furnishes the start on further quantitative informa- 
tion concerning short-circuit forees on armature coils, and 
results of the investigation should lead to better or more econom- 
ical methods of coil bracing, spacing, and wedging. The general 
treatment also has an application to revolving armature machines 
in which centrifugal force on the coils is fairly great and must be 
considered together with the forces due to currents. 

L. A. Kilgore: Due to their inherent low reactance turbine 
generators have always been subjected to strong forces in the 
end windings on short circuit. Asa result of experience methods 
of very securely bracing the end windings of these machines 
have been devised. However, the development of an accurate 
thorough method of calculating these forces is very timely, 
because the increased ratings and special designs which are now 
being considered will make demands on the bracing of end 
windings exceeding the limits of any past experience. 

Salient-pole machines in general do not present as difficult a 
problem as turbine generators, due to their inherently higher 
reactance. <A large part of the method developed here can be 
applied directly to salient-pole machines. The forces on con- 
ductors in the slot and within the conical surface of the end 
winding are calculated in the same way for both salient-pole and 
turbine generators. ; 

The forces on the straight section of the end winding are 
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relatively lower in salient-pole machines because even though 
the damper winding may project out part way under the end 
winding, there are no bars between poles where they would be 
most effective in producing force on the straight section of the 
end winding. 

J. F. Calvert: In reply to the discussion by Mr. Terry: It 
is true that the change of inductance with displacement is one 
of the most commonly used methods for computing forces. 
However, not only the total inductance must be known, but also 
the rate of change of inductance with displacement. Thus, in 
the diamond portion of the end winding, it is hardly possible 
to use Mr. Alger’s reactance formulas for the following reasons: 

While these formulas probably give sufficiently accurate values 
for the total flux linkage in this zone, they are built on the 
assumption that the coils lie in a plane, and that the resultant 
flux field is symmetrically distributed with respect to this 
plane. The same argument may be applied here as was used in 
the paper to compute the tangential force on the conductors 
in slots. If the coil side is moved a small distance in either 
of the directions in which the flux field is symmetrical with 
respect to its initial position, the same change of interlinkage 
oeeurs with displacement in one direction as occurs with an equal 
displacement in the other direction. As the interlinkage of the 
coil is a singlé valued and continuous function of the position of 
the coil, then the rate of change of interlinkage at the initial 
position is zero. Hence, the force is zero. However, this is not 
true, as has been amply demonstrated on tests to destruction. 

This simply means that while the total interlinkage as given 
by these reactance formulas may be very nearly correct, and give 
good results for this purpose to which they were designed, they 
do not assume the strictly correct distribution of flux, and hence 
will hardly furnish a means for correctly computing the forces. 
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In computing the forces on the portion of the armature coils 
which projects straight out over the retaining rings, the induced 
rotor currents cannot be neglected. This is particularly true if a 
good metallic contact exists between the retaining ring and the 
rotor body. In this case, the rotor surface currents are among 
the most important factors. 


It is stated in the paper that the currents used to compute the 
forces on conductors in slots (see caption of Fig. 10) are approxi- 
mately those measured in actual test. Hence, the change in 
reactance is not involved. It is only necessary to consider the 
reduction in flux due to the saturation in the iron, as is done in the 
paper. 

The author is in agreement that the more theoretically correct 
expression for reactance might just as well have been used in 
Appendix A. Of course, in any ease, the proper consideration 
of saturation is a most important factor. The effects of satura- 
tion on a single-phase line-to-neutral short cireuit are different 
from those encountered on a single-phase line-to-line short 
circuit. The reactance used must be adjusted to take care of 
this. The most nearly correct value of current is necessary in 
computing forces. 


The instants at which the forces are maximum due to out of 
phase currents is an interesting contribution. However, slow 
speed machines are not the ones in which to expect appreciable 
forces on the wedges. It is in the low-reactance high current 
per slot (or, in general, high-speed) generators in which this force 
should be given consideration. 


The author is in practical agreement with the discussions of 
Mr. Robertson and Mr. Kilgore, and is indebted to them and to 
Mr. Terry for additions to the subject matter of the paper con- 
tributed through their discussions. 


75-Kv. Submarine Cable for Deepwater Station 


BY R. W. WILBRAHAM: 


Member, A. I. E. E. 


Synopsis.—This paper describes the problems attending the 
laying of eight 75-kv. submarine cables across the Delaware River in 
the vicinity of Wilmington. 

To insure against injury the cables were laid in a backfilled 
trench, the depth of which was determined from experiments. 

By terminating the cable on platforms just inside the pierhead 
“ines it was possible to use a cable of 4,050 ft. (maximum length 
one of the accepted manufacturers could make) as compared with a 
river width of 5,100 ft. 


To avoid excessive heating of that portion of the cable out of water 
at the cable platforms, the steel armor was replaced by one of non- 
magnetic material so designed to avoid corrosion and electrolysis. 

The problem of laying the limited lengths of cable in the trench 
with minimum deviation was satisfactorily met with specially 
developed methods. 

The construction work was completed in five months under winter 
conditions and heavy river traffic. 


HE location of the Deepwater Generating Station 
on the New Jersey side of the Delaware River, 
opposite Wilmington and four miles south of 

Pennsgrove, made it necessary to transmit across the 
river a portion of the energy to supply the Wilmington 
and Philadelphia districts. 

An overhead wire crossing was proposed, but refused 
by the United States Government as a potential hazard 
to aerial navigation. This made it necessary to consider 
a submarine cable and a study of this problem developed 
a number of controlling factors as follows: 

1. It was desirable to use 66 kv. cable, but the 
longest piece obtainable was 3,600 ft. as compared witha 
width of 5,100 ft. of the nearby narrowest part of the 
river. 

2. Pierhead lines had been established on both sides 
of the river thus extending riparian rights of land 
owners beyond the shore line, with consequent rights 
to dredge to a 35-ft. depth or erect structures thereon. 

3. All unused land at this narrowest part of the river 
on the Delaware side was owned by one person who re- 
fused to sell and, in Delaware, a power company has 
not the right of eminent domain. This very greatly 
limited the possible location for a cable crossing. 

4. This part of the river, below Philadelphia, 
League Island Navy Yard, Chester and Wilmington, 
has considerable traffic. It is also a natural deep water 
basin in which ships anchor in fogs or storms; fre- 
quently dragging their anchors as attested by inter- 
ruptions to cables already laid on the bottom. 

The solution of the right-of-way problem, and there- 
fore the location of the crossing, was happily reached by 
the cooperation of the Reading Company which owned 
the riparian and upland rights on the Delaware side. 
Rights-of-way on this property were granted by the 
Reading Company and further inland by the Pennsyl- 
vania Railroad for aerial lines (Figs. 1 and 2). 


CABLE 
Analysis of the cable problem indicated the proba- 
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bility of successful operation of a circuit at 66,000 volts, 
which was desirable from the point of view of construc- 
tion, operation, and economy. 


The first and most important step was to obtain an 
agreement by the manufacturers to increase the size 
of their factory equipment in order to make a cable of 
sufficient length. By terminating the cable on plat- 
forms just inside the pierhead lines it was possible to 
use a cable of 4,050 ft. which was the maximum length 
one of the accepted manufacturers could make. 

The selected cable was rated at 75 kv. (between 
conductors), to be used on a nominal 66-kv., three-phase, 
60-cycle system with solidly grounded neutral. Eight 
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single conductor cables were so arranged as to make up 
two three-phase circuits with a spare conductor for each. 

The cable is of the single conductor type, paper insu- 
lated, electrostatically shielded, lead covered and steel 
armored. The conductor is of the standard stranded 
type (not hollow core), 750,000 cir. mils in area. The 
insulation is 54/64 in. thick, over which is applied a per- 
forated shielding tape. The lead is 5/32 in. thick, 
covered with two layers of asphalt saturated jute and 
one layer of No. 4 galvanized steel wire armor, giving an 
over-all diameter of 334 in. and a weight of 21 lb. per ft. 


The cable was made according to the specifications of 
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the Association of Edison Illuminating Companies 
with certain minor modifications. 

Each circuit was designed to carry 60,000 kv-a. con- 
tinuously (525 amperes per conductor) with a resulting 
conductor temperature not to exceed 60 deg. cent. 
This rating was determined on an “‘in air’ basis without 
steel armor, because it operates in air for an appreciable 
distance above the water at terminal points. 

A comparison of the difference in the losses and first 
costs for bronze and steel armor was decidedly in favor 
of the steel and, accordingly, steel was used. ‘There 
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would be increased heating from the steel but this was 
inconsequential for the major part of the cable which 
was immersed. However, for the short section out of 
the water, between the river level and the cable pot- 
heads, additional heating due to steel was prohibitive. 
This difficulty could easily be met by removing the steel 
but the protection of the lead sheath against mechanical 
injury developed a chain of very perplexing problems 
involving electrolysis, corrosion, and adaptability. 

Due to the fact that the immersed cable would not 
exceed 40 deg. cent. it was not deemed necessary to 
include pressure compensating provisions in the cable 
makeup. 

The sheath and armor losses are of particular interest. 
The manufacturers’ computed values for spacings vary- 
ing from 2 to 6 ft. and for cables in air ranged from 
12.5 to 15 watts per ft. The test values of the cable in 
place on an average of 4 ft. spacing amounted to 10 
watts per ft. This may be explained in part by the 
fact that the submerged cables are subjected to an 
envelope of brackish conducting water, the effects of 
which could not be taken into account in the calcula- 
tions. The dielectric loss was very small, being about 
one-third watt per ft. at 75 kv. and a copper tempera- 
ture of 40 deg. cent. 


Due to the importance of the installation and the 
question of the respective merits of the various products, 
one circuit and spare cable was purchased from each of 
two manufacturers. The cable was manufactured in 
eight lengths (each length complete without splices) 
and wound on reels, having a total weight of 46 tons 
each. Each piece was 4,050 ft. long from which ap- 
proximately 125 ft. was taken for test purposes, leaving 
a net length of 3,925 ft. 


The cables were terminated in potheads of the 110- 
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kv. outdoor porcelain type, oil filled design, so con- 
structed as to provide ample expansion of the copper 
conductor apart from any other portion of the cable. 

The standard pothead design was slightly modified 
by replacing the usual glass oil reservoir at the top by 
one of all metal oil tight construction. A six gallon oil 
reservoir under a pressure of seven lb. was connected 
to the cable immediately below the pothead to insure 
against the running of the cable compound and voiding 
the insulation, particularly the portion emerging from 
the river. 

These cable potheads were mounted on the terminal 
platforms (Fig. 3) which also supported the transmis- 
sion line dead-end towers, a structure for the operation 
of the spare cables and bus, a small gantry crane and a 
deck house for telephone and repair equipment. 


MECHANICAL PROTECTION OF THE CABLE 


Cables previously laid near the proposed location 
were subjected to excessive service interruptions due to 
vessel anchors dragging across them. For this reason 
it seemed advisable either to lay the proposed cables on 
the river bed, and provide protection against dragging 
anchors, or to bury them under the river bed to a depth 
where they would not be disturbed. 

Marine authorities were consulted as to the action 
and penetration of dragging anchors, but not even fairly 
accurate information was available. Therefore, it 
was decided to conduct a series of experiments, based on 
two methods of protection: 
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Fig. 3—CaBLe TERMINAL PLATFORM 

1. Placing the cable in an excavated and backfilled 
trench at a depth greater than anchor penetration. 

2. Cables laid directly on the bottom between two 
rows of steel sheet piling flush with the river bottom. 

Anchors of the stockless type as used on various sizes 
of vessels were used strictly in accord with marine 
practise. 

Tests in deep water by soundings and in shallow 
water by observation clearly indicated that an anchor, 
either dropped or dragged, will not penetrate deeper 
than its flukes. It was found that sheet piling placed 
in rows to protect the cables from the anchors was not 
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effective since the flukes, after engaging the sheet piling, 
would slip and jump the piling into the cable area and 
“hook” the cable. These experiments showed that the 
dragging of anchors was a real menace to the cables; 
that anchors, except possibly under extraordinary 
conditions, could not penetrate greater than their flukes 
or 81% ft. for the largest anchors normally used, and 
that the placing of sheet piling in rows was not effective. 
Therefore, it was decided to install the cables in a 
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Fig. 


trench 10 ft. deep and 40 ft. wide at the bottom and to 
backfill it to approximately the original level. 

Simultaneous with the above experiments, test bor- 
ings in the river bottom were obtained which showed 
very unsatisfactory conditions. Three-fourths of the 
river width from the Delaware side had a plastic mud 
bottom. This mud was so soft that at times the 4 in. 
bore casing hung free in the chains 25 ft. below the river 
bottom. The remainder of the river bottom is firm 
sand and gravel. This exploration gave rise to the 
question of whether or not a trench could be dredged 
and how long it could be maintained open for cable 
laying. Therefore, further experiments were con- 
ducted as follows: 

1. Dredging test trenches in mud and gravel sections 
of the river to determine the time that the trench could 
be maintained open for cable laying. 

2. Dredging test trench in the river bottom between 
rows of sheet piling to ascertain the effectiveness of 
piling in retaining the slopes and preventing resilting. 

3. Handling of the cable laying or derrick boat 
across the river for determining alinement, method, and 
accuracy of travel. 

Contrary to the conclusions drawn from the test 
borings, the results indicated that there would be no 
difficulty in excavating a trench in the mud with a side 
slope of one and one-half to one and showed practically 
no evidence of resilting. However, the velocity of the 
river eroded the sides of the trench into a very long 
slope, thus tending to form a new river bottom, which, 
if allowed, would increase the backfill required or de- 
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crease the protection. On the New Jersey side the sand 
and gravel trench sides held up, but “silted in” about as 
rapidly as the erosion of the side walls in the mud sec- 
tion. Soundings in the test trenches over a short 
period indicated that the trench in both the mud and 
gravel would not maintain, in a satisfactory condition, 
for more than approximately 45 to 50 days, and that 
unusual efforts would be required to remove and dispose 
of 205,000 cu. yd. of excavation, and lay the cable in 
that period. 
CABLE TERMINAL PLATFORMS 


Since the cable was of insufficient length to reach 
entirely across the river, it was necessary to build con- 
crete island platforms just inside the pierhead line 
to carry the cable potheads and other necessary 
equipment. 

From the beginning it was recognized that this struc- 
ture would have to be constructed with open slots from 
and through the piling, straight up to the top of the 
concrete deck, so that the cable could be “rolled’”’ or 
placed in position without the necessity of “threading” 
under the piling and up through the platform, shown at 
A on Figs. 3 and 4. 

On the Delaware side the space for the cable platform 
was not only very limited but accompanied with per- 
plexing conditions. The Reading Company coal load- 
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ing and freight car ferry piers were immediately 
adjacent, and there was every possibility that they 
would dredge around the cable platforms to provide a 
35-ft. ship basin, which would undermine the platform 
foundations unless special precautionsweretaken. Pro- 
tection was provided by steel sheet piling, flush with the 
present bottom, acting to confine the foundations. 
Wood piling, 8 ft. on centers, was driven parallel with 
the sheet piling to act as a guide or warning for future 
construction operations of the Reading Company 
(Figs. 8 and 5). 
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The foundations are of wood piling and timber work, 
on which the platform proper is carried in the form of a 
slotted conerete box, setting over corresponding slots 
in the piling and timber work (Fig. 5). Each platform 
has four compartments, completely “closed off’ with 
concrete walls, providing structural strength and 
safety against fire. Each compartment is provided 
with two slots for two cables and after the cable was 
installed, the slot was closed with stop logs of such 
design as to keep out heavy floating debris, but at the 
same time to provide partial automatic cleansing of the 
water in the compartment with the changing tides. 
The platforms are fenced and protected by piling. 

The spare cables can be used in any circuit by having 
each spare cable permanently connected to a spare bus 
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and providing removable connectors in the vertical 
drops to the remaining six cables. In the event of 
failure of any one cable, its connector in the drop is re- 
moved and the upper part of the drop swung over to 
either spare bus. 

The porcelain cable potheads are carried on a taper- 
ing four legged latticed steel structure which is fastened 
to, but completely removable from, the concrete deck 
(Fig. 6). It is so designed that the latticed work, 
which normally acts as a protective barrier, can be 
completely removed, providing complete accessibility 
to the cable. 

A small traveling cantilever type crane is provided to 
handle the porcelain potheads or other work in con- 
nection therewith, and is so designed that it cannot be 
moved from the storage point to the pothead space 
without placing the rotating boom in such a position as 
to avoid conflict with live risers of other cables. 

To comply with the heating conditions of the specifi- 
cations, the armor was removed from that part of the 
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cable in the air. The steel armor is terminated one 
foot below low water and lapped around three large 
cast iron flanges bolted together, which are suspended 
from the underside of the concrete platform by means of 
two chains and turnbuckles (Fig. 4), which provide an 
effective manner of dead ending the steel. To prevent 
tide action and ship wash from moving the cables where 
they slope into the cable platform a mat of “rip rap” 
was laid on the cables from inside the structure to a 
reasonable distance outside the structure as indicated 
on Fig. 3. 

The exposed cable above the armor is partly in air 
and water according to the tides, which required all the 


cable under the platform to be protected against damage’ 


from ice and debris. This matter of protection gave 
rise to an electrolysis and corrosion problem, which is 
discussed later. 

As originally planned, the dead weight of the cable 
between the armor clamping flanges and the bottom of 
the pothead (22 ft.) was to have been relieved from the 
pothead by means of double ear woven wire cable 
grips, approximately 4 ft. long, suspended inside the 
pothead support and immediately under the wiping 
sleeve of the pothead (Fig. 6), but the cable was laid 
with such accuracy that approximately 190 ft. remained 
on each side. It was planned to utilize as much as 
possible of this extra length by providing loops in the 
cable in the compartments under the deck of the plat- 
forms. This was accomplished rather easily, as shown 
in Fig. 4, by laying the spare cable in two cast iron 
troughs provided with treated wood shoes, to prevent 
battery action.. This removed all of the dead weight 
between the armor clamping rings and the underside 
of the platform, leaving but 9 ft. of cable to the pot- 
heads. The use of the cable grips on this short length 
might be questioned, but they. were installed to pro- 
vide against slippage of the cable in the troughs and 
resulting possible stresses on the potheads. 

Cable grips have been mostly used heretofore for 
construction purposes only and experimental work was 
conducted to determine the holding power and distribu- 
tion of pressure for various lengths of grips. It was 
found that, with proper selection and weave of material, 
together with the length and separation of the eyes, that 
the forces equal to the ultimate strength of the grip 
could be distributed over the entire length of the grip 
without injury to the lead sheath. 


ELECTROLYSIS PROTECTION 


The removal of the steel armor from the cable necessi- 
tated the installation of non-magnetic protective armor 
after the cable was laid and placed in the slots of the 
platform. This was particularly difficult. Materials 
had to be selected or placed in such a manner so as not to 
be affected by the brackish and corrosive river water or 
set up electrolytic action, and be of such mechanical 
composition and arrangement that it could be installed 
in the restricted slot space of 18 in. between the piles and 
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immediately adjacent to the armor clamping rings, one 
foot below mean low water. Many methods of accom- 
plishing this were considered and experimented upon, 
but were found to be weak or practically impossible. 

The winding of steel or bronze tape or wire was out of 
the question as was demonstrated by experiments. 
Such metals in the presence of river water would set up 
battery action which, in thecase of bronze, would attack 
the lead and, it was estimated, completely destroy it in 
approximately seven years. In the case of the steel, 
the lead would not be attacked but the steel would be 
subject to electrolysis and the corrosion of the river 
water, giving it a life not in excess of four to five years. 
Many other methods of wrapping the lead cable with a 
waterproof material on which bronze armor could be 
wrapped was not only questionable as to protective 
value, but was next to impossible to install due to the 
limited space. 

Finally a method was devised that avoided all of the 
other difficulties and was extremely simple in every 
way. ‘This consisted of slipping over the cable a com- 
mercial, flexible, liquid tight bronze hose, to each end 
of which was fastened a coupling. This flexible hose 
was fastened to the armor clamping rings at the bottom 
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and stopped at a point just below the top of the concrete 
deck. Thecouplingsat each end were made tight against 
the lead sheath over a lapping of asbestos tape. The 
hose, being larger than the cable, was filled through a 
grease fitting in the lower coupling with a neutral grease 
and oil until it escaped from a relief valve in the top 
coupling. This has proved to be very successful. 
The hose is strong and affords every protection against 
ice and debris. The neutral oil and grease prevents 
the bronze from coming in contact with the lead and 
setting up battery action and most effectively keeps out 
the river water, thus preventing electrolysis. 


WILBRAHAM: 75-KV. SUBMARINE CABLE FOR DEEPWATER STATION 


CONSTRUCTION AND INSTALLATION 


The construction work was divided into four opera- 
tions: dredging, laying cables, backfilling and cable 
platforms. 

The cables were laid as soon as possible after trench- 
ing was completed in order to avoid the results of 
sloughing and resilting of the trench, which was con- 
siderably in advance of the completion of the cable 
platforms. 

Trenching was carried on with five dredges operating 
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day and night. The trench was approximately 40 ft. 
wide by 10 ft. deep at a maximum depth of 62 ft. below 
mean low water and an average of 45 ft. The dredged 
material was barged down the river to a point in front 
of the new Deepwater Power Plant where a suction 
dredge rehandled the material and filled up the low land 
around the plant. Material to the extent of 205,000 
cu. yd. was removed and disposed of in 48 days. 

Considerable thought had been given to the handling 
of the cable laying or derrick boat, particularly to keep- 
ing it in as straight a line as possible. In considering 
this problem it is well to have an idea of the magnitude 
of this particular part. 

The river at ebb tide has a velocity of about 214 miles 
per hour, the wind and sleet storms in the fall and winter 
are severe and at all times the river traffic was annoy- 
ing and uncomfortably close. It was felt that it was 
best to lay four cables at a time which gave approxi- 
mately a 250-ton, reel and attendant equipment load. 
A derrick of ample capacity had to be available to re- 
claim cable in the event of the boat getting off course 
beyond the trench, or the occurrence of an accident. 
There was but a difference of 209 ft. between the amount 
on the reels and the actual computed length of cable 
required, without allowances for deviation. Conse- 
quently, the question of keeping the cable boat on a 
straight course was of outstanding importance. 

Experiments were conducted with the equipment 
intended to be used and it was found that the laying of 
cables could be best accomplished by placing heavy 
concrete anchors in the river bed on each side of the 
cable laying boat, and by means of anchor lines, have 
the boat pull itself equally between the anchors with 
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relative safety. The total horizontal deviations in 
these trials was found to require about 150 ft. of cable, 
thus leaving the very small spare amount of 59 ft. for 
unforeseen conditions. 

The cables were laid four at a time, two trips being 
required to complete the operation. The cable reels 
were mounted on the bow end of a large derrick boat 
(Fig. 7) which was towed to one end of the trench, 
immediately adjacent to the cable terminal platform, 
where the ends of the cables were taken off and placed 
in position on a temporary rack. 

The boat was maintained lengthwise to the flow of the 
river (Fig. 8) and kept in line over the trench by means 
of two cables from the bow and two from the stern, 
fastened to anchors made of 30-ton concrete blocks. 
These anchors were set in two lines across the river, 
one line upstream and the other downstream from the 
trench. The rows of anchors were approximately 1,200 
ft. apart, with a spacing of 400 ft. apart in each row. 
Each anchor had a flexible cable attached to it, ter- 
minating in an eyelet above the surface of the water, 
supported by a spar buoy. The bow and stern lines of 
the derrick boat were wound on large drums and so con- 
nected to an engine drive on the boat that all four drums 
could be operated in any combination, in synchronism or 
separately. Thus the derrick boat pulled itself across 
the river and maintained itself on the established line 
by the use of ranges and check methods developed es- 
pecially for this service. As the boat progressed across 
the river, the bow and stern lines were shifted from one 
anchor to another as shown in Fig. 8. 

As the cables were being laid they were frequently 
checked by a diver and later by soundings which showed 
the cables to be 4 ft. apart and practically balanced 
across the center line of the trench, with a maximum 
deviation of any cable from a straight line not exceeding 
6 ft. The experimental or trial run of this method 
indicated 150 ft. required for deviations, but in the 
actual laying only 60 ft. was used. 

This was the most important element in the satis- 
factory completion of the job. 

Immediately following the laying, the concrete 
anchors were removed and the trench backfilled with 
sand and gravel. 

The construction of the cable terminals did not in- 
volve difficulties except that, due to the fact that the 
cables were placed on a temporary structure long before 
the concrete was poured, more than usual care had to be 
exercised to prevent injury to them. 

The engineering features and the right-of-way were 
started in the spring of 1929, but nothing conclusive 
could be done until the right-of-way was determined 
in August when the work was given a definite beginning 
and prosecuted vigorously in the face of approaching 
winter. 

The dredging was started October 7, 1929 and finished 
November 25th. The cable laying was started on 
November 27th; the first run finished in 5 days and the 
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second in 3144 days. The backfilling and cable plat- 
forms were finished on February 14th and March 7, 
19380, respectively, and the cables placed in service on 
March 9, 1930, a total elapsed construction time of 
131 days. 

This project was constructed for the Delaware Power 
& Light Company, subsidiary of the United Gas Im- 
provement Company, by United Engineers & Construc- 
tors, Inc., and is operated jointly with the Philadelphia 
Electric Company. 


Discussion 


R. J. Wiseman: Some facts pertaining to the manufacture of 
the cables, the construction of which is given in the paper, on 
account of being the longest lengths of 75-kv. cable ever made in 
the world and the first extra high-voltage submarine cable are 
given in the following discussion. 

A jute serving which held the armor wires snugly in place while 
installing was wrapped for 50 ft. on each end. We believe that 
submarine cables should have a jute serving throughout their 
entire length. Also, we thoroughly slushed the armor wires 
during the armoring process in order to reduce armor losses. 

The order ealled for four 4,050-ft. lengths of cable. Four 
4,115-ft. lengths were manufactured. The tank equipment used 
for drying and impregnating was especially designed to take care 
of extra long lengths of cable. The impregnating reel had a 17- 
ft. traverse and weighed 14,000 lb. It is capable of handling 
6,000 ft. of cable of this size in one piece. Our standard im- 
pregnating reel will handle a 1,700-ft. length of this cable which 
weighs 3,800 lb. ; 

The cables were shipped on the impregnating reels, so design- 
ing them to be used for both purposes. The total weight of 
reel and cable as shipped was 48 tons. Special shafts and pedes- 
tals had to be designed and built to take care of this weight. 
A special yoke which weighs three tons was designed and built 
to lift the loaded reel. This equipment was loaned to the pur- 
chaser in order to transfer cables from railroad car to barge and 
setting up on barge. On shipment we very carefully housed in 
the reel to prevent any damage during shipment. 

Each reel of cable took 54 hr. to dry, 130 hr. to impregnate, 20 
hr. to lead and 32 hr. to armor. There were 39,000 Ib. of copper, 
56,000 Ib. of paper and oil, 116,000 Ib. of lead and 115,000 Ib. 
of armor wire required for this order. The dielectric loss 
averaged 0.35 watts per ft. at 40 deg. cent. and 0.50 watts per 
ft. at 60 deg. cent. 

Tests on the installed cable show that with a 560-ampere load, 
the temperature rise was 29 deg. cent. On this basis and assum- 
ing an ambient temperature of 15 deg. cent., the permissible load 
for the under-water section would be 700 amperes. However, 
the maximum load on account of terminal conditions is no more 
than about 560 amperes. 


The armor and sheath losses were estimated at about 14 watts 
per ft., but actual tests showed for a 560-ampere load, about 10 
watts per ft. 

The cables have come up to our expectations in every way and 
we have full confidence in them to perform as intended. We 
feel that both the United Engineers & Constructors and the 
Philadelphia Electric Company are to be congratulated in their 
very thorough study of the whole problem, the painstaking care 
exercised during installation and the courage to be a pioneer in 
extra high-voltage submarine cables. We are very thankful to 
them for the opportunity to furnish one circuit. 

R. W. Atkinson: The measurements of effective resistance 
upon these cables have resulted in a very satisfactory check on an 
exceedingly simple method of calculation of sheath and armor 
losses for this type of cable. Preliminary calculations showed 
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that the combined current in the lead sheath and armor would 
approximate rather closely to the current flowing in the condue- 
tor and that wide variations in assumptions would affect only 
slightly the calculated amount of this circulating current. 
Further calculations made to determine the probable amount of 
the magnetic losses with both armor and sheath shori-circuited, 
and also of the loss produced by circumferential flow of current in 
the lead sheath caused by the spiralling of the armor wires, 
showed these to be negligible. Determination of losses was 
therefore made on the following basis. The combined sheath 
and armor current was assumed to be equal to the conductor 
current and assumed to be divided between the armor and 
sheath in proportion to the relative a-c. conductance. Based on 
a conductor current of 525 amperes, calculations by this method 
gave a total sheath and armor loss of 12 watts per ft. which was 
the value given by our company. The agreement with the 
measured value of 10 watts per ft. given in Mr. Wilbraham’s 
paper is surprisingly close. 

This installation marks a distinct advance in the use of sub- 
marine power cables. The proposition had been under considera-~ 
tion for a number of years and the general impression had been 
that the installation of such cables would be extremely difficult if 
not actually hazardous. The preparations for the job as de- 
scribed in Mr. Wilbraham’s paper, however, were so complete 
and thoroughgoing, that the solutions of all the problems involved 
were ready in advance and the actual installation was accom- 
plished with no greater difficulty than attends normal submarine 
installation. 

From the manufacturing standpoint, most of the procedure 
was exactly the same as for the usual lengths, the main difference 
being the necessity for providing the necessary huge reels and 
equipment for handling them. The testing of such a cable, 
however, presented some unusual and interesting features. The 
charging current on these lengths at 169,000, the voltage required 
by standard specifications, is approximately 16 amperes, whereas 
testing transformers within this voltage range ordinarily have 
one-ampere secondaries. Thus, the supply of this very high 
charging current was beyond the range of any ordinary testing 
equipment even where augmented by the use of several trans- 
formers in parallel. There was discussion of testing the cables 
at a modified or compromise test voltage. It was, however, 
appreciated that since the result of failures on submarine cables 
are very much more serious than on underground, any reasons 
justifying the testing of underground cable at standard test 
voltages become doubly important for submarine cable. Fur- 
thermore, the very fact that even though these cables were 
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different from other cables of regular manufacture only from the 
standpoint of their unusual length, the mere fact of this one 
difference from the standard and normal factory procedure made 
it imperative that no precaution that would normally be con- 
sidered important for underground cable should be waived for 
these especially important cables. Since the special apparatus 
necessary to supply the charging current could not be obtained 
in time in any other way, this was designed and built by the 
Research Laboratory and standard tests were made according 
to the A. E. I. C. Specifications. Thus, in addition to empha-~ 
sizing the usual careful factory inspections, no part of the 
assurance obtained by testing on the finished cable normally 
obtainable on short sections was omitted with these important 
submarine cables. 

J. W. Sylvester: There is little that can be added to the 
paper except to emphasize several of the unusual problems which 
presented themselves in connection with its manufacture and its 
installation. 

The manufacturers’ problems were, first; to build a cable 
rated for 75 kv. in such long lengths that it required numerous 
changes in their factory equipment, second; to provide the 
electrical testing equipment which would permit the testing of 
these cables after completion. These problems were solved by 
the manufacturers. as the tests of various kinds which were 
applied during and subsequent to the manufacture of the cable 
clearly showed. 

The construction company’s problems were many, but the two 
which were outstanding were, first; to excavate a trench across 
the river at a very unusual depth for river crossings in which it 
was intended to bury the cables, second; to lay these cables in 
the trench and in as straight a line as possible. 

As so well described, both of these problems were solved in a 
very satisfactory manner and both the manufacturers and the 
construction company are to be complimented upon hay- 
ing planned and executed their respective responsibilities so 
thoroughly. 

This installation was the outstanding cable event of 1930. 
Judging by the extremely careful manner in which every process 
in the manufacturing of the cable and its installation was carried 
out, as it was the writer’s privilege to view them, these cables 
should render the service expected of them for many years to 
come. They are well buried beneath the bed of the river and 
we believe are out of the reach of ships’ anchors or any other dis- 
turbing cause likely to result in mechanical injury, which from 
past experiences has been the bane of most submarine cable 
installations. 


Circuit Breaker Recovery Voltages 
Magnitudes and Rates of Rise 
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Synopsis.—This paper shows the conditions affecting the 
magnitude and rate of rise of recovery voltage at the terminals of an 
oil circuit breaker wpon interruption of a short circuit, and explains 
their effect in quantitative terms. 

Factors are presented whose numerical value takes into account 
the number of phases involved in the short circuit and the ground 
connections of short circuit and generator, the decrement of short- 
circuit current previous to interruption, and the effect of unequal 
reactances in the direct and quadrature axes of synchronous machines. 
It is also indicated how to take into account the effect of displace- 
ment and of initial load current, and the effect of saturation is dis- 
cussed very briefly. Magnetic oscillograms are presented which 
verify the most important of the points brought out. 

The most common locations and a rough idea of the magnitude 


INTRODUCTION 


-/ HILE the duty on circuit breakers is commonly 
expressed in terms of the circuit voltage pre- 
vious to short circuit, and the magnitude of the 

current in the arc, it is a matter of experience that in 
practise other circuit characteristics may affect the 
duty to an important extent. 

For instance, tests made on the system of the North- 
ern States Power Company, at St. Paul, Minn., during 
the month of September, 1925, brought to light a case 
of marked difference in the difficulty of opening the 
circuit, depending on the source of power employed. 

This difference was between three-phase tests with 
breaker neutral ungrounded when connected through a 
43-mile, 110-kv. line to an 18,750-kv-a., turbine genera- 
tor at the Riverside Station; and similar tests when 
directly connected to three 6,600-kv-a. water-wheel 
generators at the Wissota Station. 

Referring to Table I it will be seen that in spite of the 
slightly lower voltage, much greater difficulty was en- 
countered when directly connected to the bus at Wissota. 


TABLE I 
SOULCOLOL DOW Ors ee tea ee ee Riverside Wissota 
Number of tests made............. 2 5 
R. m.s. line-to-line volts before short 
(CTUREIENG Rade ich Gre EE Rey cane he 15,000 13,200 
Average initial r. m. s. current in the 
CH CMe Ricans 9 © Sut Certara oO 1,400 1,420 
USEVELYSTSSC0) 171g AL SEI Se Chem Rc 1.2 4.8 
PABILICY ClON OL OG recta nie an sos siete = 3.5 10.0 
Maximum pressure, lb./sq. in....... 6.5 36.0 


Again, tests recently conducted on a 110-kv. (63.5- 
ky. to ground) explosion chamber breaker showed a 
marked difference between tests with the standard test 
circuit of the company with which the authors are 
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of the capacitances affecting the rate of rise of recovery voltage for 
various types of short circuit are indicated. Calculations of thé 
recovery voltage curve for several representative cases, at both low 
and high voltages, are presented, and in some cases cathode ray 
oscillograms are presented for comparison with the calculated 
curves. 

While no systematic data appear to be available at present regard- 
ing the effect of the rate of recovery voltage rise wpon circuit breaker 
operation, several tests showing a very pronounced effect, some of 
them made by the authors and some by others, are reported briefly. 

A discussion of the method by which overvoltages are built up 
during the interruption of transmission line charging currents is 
presented at the end of the paper. 

* * 


* * * 


associated, and a modification of this cireuit in which a 
shunt resistance of 1,000 ohms was connected across the 
circuit breaker terminals. 

In these tests it was found that without the resistor, 
the breaker would not clear the circuit at 88 kv. to 
ground across one pole, while with the resistor 132 kv. 
to ground across one pole was cleared. Actually the 
are length required at 132 kv. with the resistor was less 
than that required without the resistor at 66 kv. 

Also similar effects have been observed to a lesser 
degree in many other cases. 

As a result of studies made at the time of the St. 
Paul tests, it became evident that these effects could be 


‘explained in terms of the brief “kicks’’ which occur in 


the recovery voltage and the time delay required for 
their establishment. 

Table II shows data prepared in connection with 
this study. 


TasieE II 
Sourcevoh powers. see ane ee Riverside Wissota 
Phase voltage before short circuit... 12,240 10,780 
Phase voltage one cycle after re- 
COVERY satnra tein tate eae ae 8,200 7,500 
Recovery voltage of phase which 
. opened first 
(a) abruptiiziseseece eee ee 2,800 13,500 
(Dp pealstan.t. Aas kerries eee 14,600 18,000 


Time delay from a to 6 in milli- 
seconds (as measured on magnetic 
oscillograi) me. «eras oe ce eee 1.0 0.8 

Peak recovery voltage of phases 
which opened later.............. 


9,100 7,800 


It will be seen that at Wissota the kicks were of 
greater amplitude and were established in a shorter 


period. The conclusions arrived at in this study were - 


briefly stated by Mr. J. D. Hilliard in his discussion 


{The only oscillograms available in these tests were of the 
magnetic type and hence any very high frequency voltages which 
may have been present would not be observed. Probably such 
voltages were present in the form of an overshoot to approxi- 
mately double the ‘‘abrupt’’ value. 
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of the paper presented in 1927 by Sporn and St. Clair. 
Since that time Slepian and Biermanns have further 
emphasized the significance of these factors. Thus 
the phenomena have been demonstrated and there has 
been agreement as to the basic conceptions necessary to 
understand them. 

On the other hand, no very comprehensive analysis 
has been presented, to show how the magnitude and 
time delay of these kicks of recovery voltage are 
affected by the various types of apparatus which 
are found on transmission systems. This paper 
attempts to present such an analysis with numerical 
calculations for several of the simpler cases, and mag- 
netic and cathode-ray oscillograms confirming these 
calculations. 

The paper is divided into two parts of which Part I 
summarizes the conclusions and Part II gives the theo- 
retical work on which the conclusions of Part I are 
based. 


Part I 
SUMMARY OF CONCLUSIONS 


The phenomena of recovery voltage may be divided 
into two parts, low frequency effects and high frequency 
‘effects. The low frequency effects comprise those 
arising from the type of short circuit, decrement, 
displacement, and flux distribution in rotating ma- 
chinery, and include most of the factors determining 
the magnitude of recovery voltage. The high fre- 
quency effects are attributable to the capacitances of 
the various parts of the system to ground. They are 
responsible for an overshoot, often to double the value 
predicted from the low frequency considerations, and 
include all of the factors determining the time required 
to reach the maximum value. It is convenient to 
consider these two types of phenomena separately. 
The low frequency phenomena will be treated first. 


Low FREQUENCY OR MAGNITUDE PHENOMENA 


A. Nature of the Impedance Limiting the Short-Circuit 
Current 

In a short circuit in which the current is limited prin- 
cipally by resistance, the recovery voltage wave starts 
near the zero point of the cycle, so that the instantane- 
ous value for the first-thousandth of a second is low. 
When the current is limited principally by reactance, 
however, unless the current wave is displaced, the 
recovery voltage wave starts at its crestvalue. A 
reactive short circuit is therefore much more difficult 
to interrupt than a resistive short circuit of the same 
current and voltage. Unfortunately practically all 
serious short circuits are almost purely reactive. 


B. Number of Phases Involved and Ground Connection 
of System; Effects of Stationary Apparatus, No Load 
1. Single-Phase Short Circuits. Where the short- 

circuit impedance of stationary apparatus is much 

greater than that of rotating machinery, for single- 
phase short circuits, either line-to-ground or line-to- 
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line, the voltage after interruption is the same, except 
for high frequency effects, as the voltage before estab- 
lishment of the short circuit.. The oscillogram of Fig. 1 
shows both voltage and current for a line-to-line short 
circuit on a 13,200-volt, 26,700-kv-a. generator with 
1.5.ohms external reactance in series per line. Voltage 
both before and after the short circuit are. shown and 
these will be seen to be identical. 

2. Three-Phase Short Circuits. The general expres- 
sion for the recovery voltage of the first phase to clear 
of a three-phase short circuit, where the effect of sta- 
tionary apparatus predominates, in terms of sym: 
metrical phase sequence components, is 


3H Zee 
Zi 22+ 24)2, + LZ) 22 


where E is the phase-to-neutral voltage existing before 
short circuit. 

If either the generator or the short circuit is un- 
grounded, Z, is equal to infinity; and in stationary 
apparatus Z,; = Z». Making these substitutions, for 


ee 


Fig. 1—OscrntoeraPHic Recorp or A LiNE-TO-LINE SHORT 
Circuit on A 13,200-Vott, 26,700-Ky-A. GmNERATOR witH 1.5 
Oums ExTERNAL REACTANCE IN SERIES PER LINE 


the first phase to clear of an ungrounded three-phase 
short circuit, or of any three-phase short circuit on an 
ungrounded system, 


3 
Cas E 

Fig. 2 shows an oscillogram taken on the first phase to 
clear of a three-phase short circuit at 13,200 volts on a 
100,000-kv-a. alternator, ungrounded, with reactance 
in series per phase equal to about ten times generator 
subtransient reactance. The ratio of the first peak 
of recovery voltage to the crest voltage existing before 
short circuit (as determined from a voltmeter) is 1.47. 

If both the system and the short circuit are solidly 
grounded, Z) may have a low value and the recovery 
voltage of the first phase to clear may be very low, or, 
on the other hand, Z) may be equal to or greater than 
Z,, and the recovery voltage equal to or greater than 
the voltage existing before short circuit. 

In systems grounded through a neutral impedance, 
the neutral impedance is usually high enough so that 


3. See Bibliography. 
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the recovery voltage is practically that obtained on an 
ungrounded system. 

If the neutral is grounded through a reactor, this 
peak voltage occurs immediately (except for ‘“‘high 
frequency” delay) upon interruption. If the neutral 
impedance is a resistor, however, the initial value of 
recovery voltage is the same as if the neutral were 
solidly grounded. The voltage then rises more slowly 
to its peak value, which occurs usually about 10 or 
20 deg. after the interruption. A neutral resistor 
thus possesses a slight advantage over a neutral reactor 
from this point of view. 


Fie. 2—OscittograPHic RECORD OF CURRENT AND VOLTAGE 
OF THE First Poasre TO CLEAR OF A T'HREE-PHASE SHORT 
Circuir at 13,200 Voutts on a 100,000-Kv-A. ALTERNATOR, 
UNGROUNDED 


External reactance per phase ten times generator subtransient reactance 


3. Two-phase-to-ground Short Circuits on an Im- 
pedance Grounded System. For the first phase to clear 
of a two-phase-to-ground short circuit, the recovery 
voltage varies from a theoretical minimum of half 
line voltage, with negligible zero-phase sequence im- 
pedance, to line voltage, with very high neutral im- 
pedance, if the neutral impedance has the same phase 
angle as the line impedance. If the neutral impedance 
phase angle differs from that of the line impedance, the 
recovery voltage for one phase is somewhat decreased, 
while that for the other is increased. 


C. Effects Arising From Rotating Machinery at No Load 
Fig. 3 represents the decrement of the a-c. com- 
ponent of current through the breaker during a severe 
three-phase fault. In this figure, 
2” = initial inrush current ' 
2 = current at the time of clearing. 
The recovery voltage for the first phase to clear of a 
three-phase short circuit at the machine terminals, 
if either the machine or the short circuit is ungrounded 
or has a high ground impedance, is 
e=1.527,"% 
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where x,” = the quadrature subtransient reactance 
of the machine. 

For a three-phase short circuit at the machine ter- 
minals at no load, 


E 


u 
Xa 


where E' = the leg voltage of the machine before short 
circuit, and x,” = the direct subtransient reactance of 
the machine. 

Thus the recovery voltage formula may be written 


Ble i 
es) Ei, 

% “a 

If the short circuit is not at the machine terminals 
the quantities x,” and x4” should be replaced by quanti- 
ties s,” and sa” where s,” and sq” are the reactances of 
the system using, respectively, quadrature and direct 
subtransient reactances as the reactances of the 
generators. 

The recovery voltage for the first phase to clear of a 
three-phase short circuit may therefore be considered 
as the leg voltage of the system before short circuit, 
modified by three factors: 

1. A factor k,, which depends upon ground connec- 
tions. 

2. A decrement or “changein excitation” factor, k;. 

3. A quadrature reactance factor, k,. 


ay 
TIME —— 
3—DEcREMENT OF THE A-C, COMPONENT OF CURRENT 
DURING A SEVERE FAULT 


Fig. 


i” = initial inrush current 

i = current at time of clearing 

Full line refers to hand-regulated machines, and dotted line to machine 
with high-speed excitation 


The values of k,, k;, and k, for all types of short cir- 
cuit are given below: 
1. k, = 1.0 for one-line-to-ground short circuits. 


2 ~/ 3 (8.2 + 8,” 20 + 207)?” 
~ Sa" (2 84" + Xo)? + 20(2 Sq" + Xo) (Sq” + 2 Xo) 


for two-line-to-ground short circuits. 

k, = 1.78 for line-to-line short circuits or (ap- 
proximately) for the first phase to clear 
of two-line-to-ground short circuits on an 
impedance-grounded or ungrounded sys- 
tem. (In the case of a line-to-line short 
circuit on any system or a two-line-to- 


k, 
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ground short circuit on an ungrounded 
system, the voltage usually appears 
across two poles of the breaker in series.) 


3 Xo 5 : 
ka = carne for three-phase short circuits. 
k, = 1.5 for three-phase ungrounded short cir- 
cuits or for three-phase grounded short 
circuits on an ungrounded system. 
a 
ty al ye iv for all short circuits. 
3. k, = 1.0 for all single-phase short circuits. 
k, = 1.0 for two-line-to-ground short circuits. 
Sq’ . . 
b= Cah for all three-phase short circuits. 
d 


; i 
s sh 


ele ete ee ee Te 


Fig. 4—OsciLLoGRAPHIC RECORD OF CURRENT AND VOLTAGE 
or THE First PHasre TO CLEAR OF A THREE-PHASE SHORT 
Circuit at 13,200 Vouts 


On a 100,000-kvy-a. generator, without an amortisseur winding, operating 
with the neutral ungrounded. No external reactance 


UA 


qd : . 
Average values of —, for machines of various types 


x 
La 


are given by Table III. 


TasBueE III 
QUADRATURE REACTANCE Factors 
Xq" 

Types of machine va 
Turbo-alternators 

UML ATITIT) UOC! 2O LOTS sete sacle awe heise mat is no tafoy.0s oi cveu0l » PA 

DEE SOIC -POCOT iol ORINRES Spe ES Ss oc ede): ig ies} one 1.4 
Salient-pole machines 

AE ALHOULATNOLUSSOUD cst tae ayo cztun sis c « fas PAS 

Dee LURATHOLOISSOUT oe 2 crete fine cera © Scio cielo ten 
ANGCUGTIONMIMOLOLS Hae Cree oak eter eats) shee es) oS aus eles ole a0 


Effect of Amortisseur Winding 


Table III shows very strikingly the effect of an 
amortisseur winding in reducing the quadrature reac- 
tance factor of a salient-pole machine, and thus in re- 
ducing the recovery voltage of the first phase to clear 
in short circuits involving more than one phase. 

This table indicates a reduction of a little more than 
50 per cent in the recovery voltage of the first phase to 
clear of a three-phase ungrounded short circuit. 
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Actually the reduction may be even more than is indi- 
cated by Table III, for the decrement factor is likely 
to be lower with an amortisseur winding than without. 
Saturation may modify the effects slightly. 

Thus an amortisseur winding brings about a sub- 
stantial reduction in the duty of a circuit breaker 
Opening a three-phase ungrounded short circuit close 
to the terminals of a salient-pole machine. 

Figs. 4 and 5 show oscillograms of two short-circuit 
tests on the same machine, that of Fig. 4 being taken 
before the amortisseur winding was installed on the 
machine and that of Fig. 5 afterwards. The first peak 
of recovery voltage is much higher in Fig. 4 than in 
Fig. 5. A brief quantitative analysis of these films is 
given in Part II. 


D. Effect of Displacement 

The existence of a large d-c. component in a short- 
circuit current may cause the recovery voltage wave to 
start near the zero point instead of at its crest. The 
instantaneous value of recovery voltage is thus con- 
siderably reduced. ’ 

Fig. 6 shows an oscillogram of a highly displaced short 
circuit on a 26,700-kv-a. alternator. It may be seen 
that the initial instantaneous value of recovery voltage 
is reduced to less than 50 per cent. 


E. Effect of Intial Load Current 


The recovery voltage depends upon the current 
through the switch. This may include load current 
as well as fault current. The formulas given under 
part C may still be used in this case, if 2 is taken as the 
total reactive current through the switch. 


Fig. 5—OscrnLograpHic REecorD oF CURRENT AND VOLTAGE 
or THE First PHase TO CLEAR OF A THREE-PHASE SHORT 
Circuit at 14,500 Votts oN THE SAME GENERATOR AS Fra. 4, 
BUT WITH AN AMORTISSEUR WINDING, OPERATING WITH THE 
NEUTRAL UNGROUNDED AND WITH NO HxTERNAL REACTANCE 


F. Effect of Saturation . 


Saturation tends to reduce any overvoltage requiring 
an increase in the flux of the generator. If, therefore, 
the net effect of initial load current and the decrement 
factor tends to increase the recovery voltage, their 
effect will be modified by saturation. 

The presence of flux at a density near saturation in 
the teeth and the end of the pole operates to cut down 
the permeability of these parts to a change in total flux 
in any direction. Quadrature axis flux has a greater 
length of path through the end of the pole than has 
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direct axis flux. Thus saturation probably tends to 
decrease the value of both quadrature reactance and 
the quadrature reactance factor. 

The reduction in the quadrature reactance factor is 
apparently about 10 per cent for the 100,000-kv-a. 
testing generator in the plant of the company with 
which the authors have been associated. 


HIGH FREQUENCY OR “RATE OF RISE’? PHENOMENA 
Qualitative Discussion of Important Types of Apparatus 


Practically all of the high frequency phenomena 
attendant upon the build-up of recovery voltage are 
attributable to the capacitance to ground of apparatus 
between the circuit breaker terminals and the principal 
part or parts of the reactance limiting the short-circuit 
current. 

There are six types of apparatus which are of im- 
portance from this point of view: 


Transmission lines and cables. 
High voltage bushings. 
Station bus structure. 
Transformers. 

Current limiting reactors. 
Rotating machines. 


Transmission lines and cables are well known to 
be distrbured circuits capable of supporting traveling 
waves. They act substantially as resistances until a 
wave has traveled from one end to the other and back, 
which, with a line of even moderate length, requires a 
time very much longer than is taken to reach crest 
voltage when no transmission lines are connected to 
the bus. The resistance corresponding to a transmis- 
sion line is 300 or 400 ohms; that corresponding to a 
cable is 20 to 50 ohms. 


2. High voltage bushings have a capacitance of 
0.0001 to 0.0003 uf. They are of importance only 
when a number of them is connected to the circuit 
and there is very little capacitance of any other 
kind. 


3. The capacitance of station bus structures varies 
widely according to voltage and kv-a. ratings. Its 
limits are probably about 0.001 uf and 0.02 uf. It 
is of importance only when no transmission line or 
cable is connected. 


4, The effective capacitance to ground of the high 
voltage winding of a transformer varies from about 
0.001 uf. to 0.002 uf., the higher values occurring with 
shielded transformers. 


5. Current limiting reactors have.a capacitance to 
ground of about 0.0001 yuf., so that. unless some appa- 
ratus of appreciable. capacitance to ground is con- 
nected between the reactor and the circuit breaker, the 
frequency of recovery voltage may be as high as several 
hundred thousand cycles. 

6. A rotating machine has a capacitance usually 
between one-tenth and one microfarad between the 
copper of its windings and the iron of its stator lamina- 


ee ee 


tions. This capacitance determines the frequency and 
rate of rise of recovery voltage in the case of a dead 
short circuit on the machine. 


Effect of Arc Voltage Just Previous to Interruption. 


The form of the recovery voltage curve is usually an 
oscillation of one form or another starting from the 
value of arc voltage immediately before interruption, 
and having as its final center the voltage determined 
from low frequency considerations. In most of the 
calculations connected with this paper the arc voltage 
immediately before interruption is assumed zero. If 
this voltage is much different from zero, the initial 
amplitude of the oscillation is increased and the first 
peak of the high frequency oscillation is highér than 
otherwise. This effect is shown in the calculated curve 
of Fig. 12, in which the dotted line corresponds to the 
first half cycle at high frequency, as calculated on the 
basis of zero are voltage immediately before interrup- 
tion, and the full line conernuds to the curve actually 
obtained. 


Fig. 6—OsciLLoGRAPHIC RECORD OF CURRENT AND VOLTAGE 
FoR A Hiauuy DispLacepD SHorT Circuit on A 26,700-Ky-A. 
ALTERNATOR 


Recovery Voltage Rates on High-Voltage Systems 

The extreme values of frequency and rate of rise of 
recovery voltage at the high side of a transformer are 
experienced when there is no apparatus of appreciable 
capacitance (say 0.0002 uf. or more) on either the high 
or low side of the transformer. 

Under this condition, assuming an effective capaci- 
tance to ground of 0.001 uf. per transformer winding, 
the frequency and rate of rise are given by the equations, 


f ae KV" “eycles per lecond 
ae ay ee 


and 
r= 20.Koks \ oe volts per microsecond. 
n 


where 


Kv-a. denotes the initial short circuit kv-a. per phase 
(neglecting the d-c. component of current), 
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Kv. denotes the leg voltage of the system before short 
circuit, in kilovolts, 
and » denotes the number of transformers in parallel. 


It should be appreciated that these formulas repre- 
sent extreme conditions, and that even with only a 
moderate amount of bus structure and no transmission 


200, 300 a BO 
T1iskOSECONDS 


Oil Crrewt Breaker fCecovery Voltage : 
Short Circurt Ts ferrupted MORK Cm. 


Fig. 7—Caruopr-Ray AND Maanetic OSsciLLOGRAPHIC 
Recorps oF THE REcOvERY VOLTAGE OF A 231,000 Ky-A. 
SInGLE-PHASE SHORT Crrcuir at 110 Ky., avr TRANSFORMER 
TERMINALS witH No Tap Linus 


lines connected between circuit breaker and trans- 
former, values lower than one-quarter of those given by 
the formulas may exist. 

Fig. 7 shows cathode ray and magnetic oscillographic 
records of the recovery voltage following a single-phase 
231,000-kv-a. short circuit (d-c. component neglected) 
for which k; = 0.74, on the 110-kv. connection of a cir- 


125 ] II OCB. “| 
Circuit nfl 7 
No. 1 Bus 

oo|_ 4 


| 9.5 Mile 
:B. Tra 
9.5 Mi 


0, ns. Line 

Circuit infly 7 
No.2 Bus | 
<r le = 


Circuit 
0, 


No. 3 0.¢.B~, "rans. Line 
Inf. {_T 
Bus: 
T 
| 


ro 


75 


50 


9.5 Miie 
0.C.B fans, Line 


25 |. Circuit 
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Fig. S8—CancuLatep Recovery VoLtTacEe Curves Foiiow- 
Inc A Srtneun-PHase Line-to-Grounp SuHort-CirncuiT aT 
Points Marxkep X on Circuit DIAGRAMS 


System voltage: 66,000 

Capacity of transformer in each case: 20,000 ky-a. per phase 
Transformer reactance: 10 per cent 

Transmission line surge impedance: 400 ohms 

Length of transmission line: 9.5 mi. 


cuit breaker testing plant, two transformers being used 
in parallel. The frequency of the oscillation is 4,600 
cycles per second, and the rate of recovery voltage rise 
about 2,400 volts per microsecond. . 

The values given by the formulas for extreme con- 
ditions are: 


~ f = 9,800 cycles per second 


and -r = 5,000 volts per, microsecond. , 
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The discrepancy is ascribed to two factors: 

1. Several hundred feet of line were required to 
parallel the transformers and connect to the circuit 
breaker. 

2. Each transformer had six taps and therefore six 
bushings connected to the high side winding. 

The beneficial effect of a capacitance to ground con- 
nected between the high side of a transformer and the 
circuit breaker is strikingly presented in Fig. 8, where 
calculated recovery voltages at the high side of a 20,000- 
kv-a., 88.1-kv. line-to-ground transformer following a 
single-phase line-to-ground short circuit are shown for 
the four circuits illustrated, the low-tension winding 
of the transformer being assumed connected to an 
infinite bus in each case. 

It will be noted that the rates of rise of recovery volt- 
age in curves Nos. 3 and 4 are very much less than 
those in curves Nos. 1 and 2. The change in the rate 
of rise of recovery voltage would be even more marked 
than is shown by Fig. 8 if— 


2,000 | 


Turbo - Generators) 


1,500} 


Salient Pole Generators 
without Amortisseur Windings 


1,000 


VOLTS PER MICROSECOND 


Salient Pole Generators 
with Amortisseur Windings 


RATE OF RECOVERY VOLTAGE RISE- 


500 
5,000 


10,000 15,000 20,000 25,000 


RATED TERMINAL VOLTAGE OF GENERATOR 
Fie. 9—Rates or Recovery VouTace Risk ror THREB- 
Puoass Unerounpep SHort Crrcuirs at THE GENERATOR 
TERMINALS 


1. The system voltage were higher. 

2. The kv-a. capacity of the transformer were less. 

3. More than one transmission line were connected 
between S; and 7). 
or 

4. The transmission line L, were replaced by a 
cable. 

It would be less marked if a bus of finite reactance 
were assumed on the low-tension side of the transformer. 

The length of line L, has no effect on the rate of rise 
of recovery voltage except in changing the time when 
reflections return from the far end. The time when 
these reflections appear is approximately 10.6 micro- 
seconds per mile of line after the interruption. Thus 
with the 9.5-mile lines of Fig. 8, reflections return at 
t = 100 microseconds. 


Recovery Voltage Rates on Low Voltage Systems 
On the basis of average values for the design con- 
stants of a rotating machine, the rate of recovery. volt- 
age rise for the first phase to clear of an ungrounded 
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three-phase short circuit is given with reasonable 
accuracy by the curves of Fig. 9. 

Figs. 10, 11, and 12 show cathode ray and magnetic 
oscillographie records of recovery voltages on the low- 
tension (14,500-volt) system of the circuit breaker test- 
ing plant of the company with which the authors have 


Cathode Ray Oscillogram 


Magnetic Oscillogram 


KILOVOLTS 


200 400 600 
MICROSECONDS 


s 


A 
i Calculated Curve 


m= 
o 


KILOVOLTS ACROSS 
BREAKER TERMINALS 
Dd 
3S 


0 


Or ao00 ms 
TIME-MICROSECONDS 

Fig. 10—Catrnoprt Rax- anp Magnetic OscILLOGRAPHIC 
Recorps AND CALCULATED CURVE FOR RECOVERY VOLTAGE OF 
THE First PHASE TO CLEAR OF A THREE-PHASE GROUNDED 
Syort Circuit at 14,500 Votts on A SoLipLty GROUNDED 
100,000-Kv-a. ALTERNATOR wiTtH THREE OHMS EXTERNAL 
REACTANCE IN SERIES PER PHASE 


been associated, together with calculated curves. (Only 
the magnitudes and frequencies of the oscillations were 
calculated, the decrements being adjusted to corre- 
spond to the films.) 

Fig. 10 shows a three-phase-to-ground short circuit 
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Fie. 11—Caruopr-Ray anp Maanetic OsciLLoGRAPHIC 
REcorDS AND CALCULATED CURVE FOR RECOVERY VOLTAGE OF 
THE First PHask TO CLEAR OF A THREE-PHASE GROUNDED 
Snort Crecuit at 14,500 Votts on AN UNGROUNDED 100,000- 
Ky-A. ALTERNATOR WITH THREE OumMs EXTERNAL REACTANCE 
IN SERIES PER PHASE 


on a solidly grounded generator with three ohms exter- 
nal reactance in series per phase. 

Fig. 11 shows the phenomena occurring on the first 
phase to clear of a three-phase-to-ground short circuit 
on an ungrounded generator with three ohms external 
reactance in series per phase. 
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Fig. 12 shows the recovery voltage of the first phase 
to clear of a two-phase-to-ground short circuit on an 
ungrounded generator with 6.1 ohms external reactance 
in each line. In the calculated curve of Fig. 12, the 
starting point was taken equal to the are drop just prior 
to clearing, as shown on the magnetic oscillogram. 

It will be noted that in both Fig. 11 and Fig. 12, 
oscillations occur at two widely different frequencies. 
This happens because the generator neutral is raised 
above ground potential during such a short circuit, 
and the two frequencies result (1) from oscillation of 
the bus capacitance to ground with the inductance in 
the line clearing first, and (2) from oscillation of the 
copper-to-iron capacitance of the generator with the 
inductance in the line remaining grounded. The two 
inductances having the same value and the capacitances 
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Fig. 12—MaGnetic anp CatHopE-Ray OscILLOGRAPHIC 
RECORDS AND CALCULATED CURVE OF THE RECOVERY VOLTAGE 
OF THE First PHasE TO CLEAR OF A 'T'wO-PHASE-TO-GROUND 
SHort Circuit at 14,500 Votts on an UNGROUNDED 100,000- 
Ky-A. GENERATOR witH Stix Oums EXTERNAL REACTANCE IN 
SERIES PER PHASE 


having a ratio of approximately 100 to 1, the two fre- 
quencies have a ratio of approximately 10 to 1. 

It will be noted that in this case the maximum voltage 
is appreciably less than twice normal peak, due to the 
fact that the high frequency oscillation is almost com- 
pletely damped out by the time the low frequency 
oscillation has reached its first peak. This may occur 
in any circuit in which the capacitance and reac- 
tance are so distributed as to give rise to oscilla- 
tions of wieely different frequencies and of about the 
same amplitude. Unless this is the case, however, or 
unless special damping is provided, an overshoot very 
nearly to twice normal, plus the negative are volt- 
age peak just prior to clearing, is almost sure to be 
experienced. 

A comparison of the cathode ray and magnetic records 
of the recovery voltages in Figs. 7, 10, 11, and 12 shows 
very clearly that the magnetic record can not be relied 
upon to show correctly the high frequency components 
of the recovery voltage curve and that the circuits 
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shaving the highest recovery voltage rates may show the 
‘most innocent films, while circuits having a compara- 
_ tively low rate of recovery voltage will show the oscil- 
lations correctly on the film, and thus give the i impres- 
sion of being very difficult to interrupt. 


Effect of Parallel Resistance on the Rate of Rise of 
Recovery Voltage. 


Resistance connected across the terminals of a cir- 
cuit breaker tends to prevent overshooting and to cut 
down the rate of rise of recovery voltage. A resis- 
tance of 1,000 ohms so connected materially reduces 
the rate of rise of recovery voltage on a severe 220-kv. 


KILOVOLTS ACROSS BREAKER TERMINALS 


200 300 400 
TIME-MICROSECONDS 


Fic. 13—Recovery Vottace Curves FoR TESTS ON 
EXPERIMENTAL HXPLOSION CHAMBER BREAKER 
Curve No. 1 is for standard 110-kv. test circuit; Curve No. 2 is for 


standard 110-kv. test circuit modified by the connection of a 1,000-ohm 
resistor across the breaker terminals 


short circuit, with no transmission lines connected be- 
tween the breaker and the high side of the transformer. 
On lower voltage systems a lower resistance is re- 


quired for this purpose unless only a small amount of © 


power is involved in the short circuit. 

When one or more transmission lines are connected 
between the breaker and the high side of the trans- 
former, the rate of rise of recovery voltage is already so 
low that a very low resistance is required to effect any 
further reduction. 


"Effect of Nature of Recovery Voltage on Breaker Operation 


td 


‘in which the nature of the recovery voltage curve had 


- Mention was made in the introduction of two cases 


a very pronounced influence upon breaker operation. 


mn, as well as) brief reports of other data of this 


F the tests on the Ne orthern States Power 
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to about 300 cycles. At Wissota, on the other hand, 
power was supplied directly from water-wheel genera- 
tors, which have a high quadrature reactance factor 
(2.0 or greater), and the frequency of recovery voltage 
was probably about 5,000 or 6,000 cycles. The distress 
evidenced by the breakers was much greater at Wissota 
than at Riverside, as is shown by Table I. 

In connection with the high voltage tests, apart from 
reflections, the resistance connected (about 1,000 ohms) 
had approximately the correct value to duplicate the 
effect of a single transmission line connected as in dia- 
grams Nos. 3 and 4 of Fig. 8 upon the recovery voltage 
of a single-phase short circuit of three times the kv-a. 
available in the test, or approximately 600,000 kv-a., 
single-phase. 

On the standard test circuit, the breaker cleared on 
the 66-kv. connection, requiring from 58 to 73 per 
cent of its total contact separation, and failed to 
clear on the 88-kv. and 110-kv. connections. With 
the resistance connected across the breaker terminals, 
the breaker cleared consistently, not only on the 88-kv. 
and 110-kv. connections, but also on the 132-kv. con- 
nection, the maximum arc length being only 58 per cent 
of the total stroke. 
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KILOVOLTS ACROSS BREAKER TERMINALS 


0 100 200 300 _ 400 500 600 
: TIME-MICROSECONDS 


Fig. 14—Caucunatep Recovery VoLtTaGcE CurvEs ror Tzsts 
on 15,000-VoLtr BREAKER 


Recovery voltage curves for the two conditions are 


shown in Fig. 18, that for the standard circuit being 
taken from the cathode ray oscillogram of Fig. 7, and 
the modification due to the connection of the resistor 
being calculated. oe wT ae 


A decrement factor of 1.0 is aated for 
A sion series 3 of see has been mak 
direction | ape 
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in the second group of tests was approximately 10 per 
cent shorter than in the first group, while in the third 
group, the reduction was 30 per cent. 

Biermanns has reported a series of tests on a plain- 
break breaker at 7,500 volts and about 20,000 amperes 
at recovery voltage frequencies of 100,000 cycles, 1,300 
cycles, and 500 cycles. At 1,300 cycles, he finds the 
arc lengths only about five per cent less than at 100,000 
cycles, but at 500 cycles, the are length is reduced to 
50 per cent of its value at 1,300 cycles. This would 
indicate that the operation of this type of breaker is 
independent of recovery voltage frequency when this 
frequency is above about 1,000 cycles, but is improved 


15—OscILLOGRAPHIC RECORD OF THE OPENING OF A 220- 
Ky. TRANSMISSION LINE CHARGING CURRENT 


Fig. 


considerably by any appreciable reduction of this fre- 
quency below that value. 

It will be noted, as a matter of interest, that the 
results obtained on the Northern States Power Com- 
pany tests are consistent with this deduction. 


Interruption of Line Charging Currents 


It has long been known that the interruption of 
transmission line or cable charging currents may be 
accompanied by severe overvoltages. Fig. 15 shows a 
magnetic oscillogram of the current obtained on such a 
test on a 220-kv. transmission line. Analysis indicates 
that the voltage appearing across the switch just 
previous to a current surge should be roughly equal to 
the product of line surge impedance and the peak cur- 
rent in the surge. On this basis, this oscillogram indi- 
cates a voltage equal to several times normal peak. 
The fact that such voltage actually occurs is borne out 
by surge recorder data. 

This phenomenon occurs as follows. The arc is 
extinguished at the time when the current is zero and 
the transmission line completely charged to one polarity. 
One half-cycle later the transformer terminal voltage 
has reversed its polarity, but the voltage of the trans- 
mission line has remained unchanged. Double leg 
voltage, therefore, exists across the switch. This 
voltage may be sufficient to break down the gap, or the 
gap may be broken down while this voltage is building 
up. If this occurs, the gap conducts current while a 
wave travels down the line, is reflected at the end, and 
travels back, reversing the potential of the line with 
respect to the transformer and charging the line up 
to a potential which may be as high as three times 


PARK AND SKEATS: CIRCUIT BREAKER RECOVERY VOLTAGES Transactions A. I. E. E. 


normal. When this has occurred, the current in the 
breaker drops to zero, so that the arc is again inter- 
rupted. The transformer side of the breaker then 
changes polarity during the next half-cycle, while the 
transmission line holds its charge and potential. This 
time the voltage across the gap may reach four times 
normal peak, and thus the gap may again be broken 
down. The oscillation is then repeated, again reversing 
the polarity of the line and leaving it at a potential 
which may be as high as five times normal. On a long 
transmission line with no leakage, there is no theoretical 
limit to the voltage which may build up in this manner, 
and voltages as high as 5.5 times normal have been 
recorded on transmission lines in operation. The 
principal agent in setting this limit is probably corona 
loss. 

This phenomenon should be expected to be more 
common on high voltage circuits than on low-voltage 
circuits, for if the circuit breaker increases its dielectric 
strength at the rate of twice normal crest voltage per 
half cycle, the phenomenon will not occur. 

The phenomenon can he eliminated by putting a 
high resistance leak on the line to draw off its charge 
or by using a breaker designed to increase its dielectric 
strength at a sufficient rate. 


Part Il 


THEORY AND CALCULATIONS 
In this part, as in Part I, the low frequency and high 
frequency phenomena are considered separately, the 
low frequency phenomena first, and the high frequency 
phenomena afterward. 


Fie. 16—Crircuir ror tHe First Poass To CLEAR OF A 
THREE-PHASE GROUNDED SHORT Circuit ON A GENERATOR 
WITH THE NEUTRAL GROUNDED THROUGH A RESISTANCE 


In both cases, the calculations are made by means of 
the principle of superposition. This principle is stated 
as follows: In any network unappreciably affected by 
saturation and hysteresis, if the mechanical displace- 
ments of moving parts during the period under con- 
sideration are unaffected by the disturbance, the 
changes in voltages and currents throughout the net- 
work due to a change in voltage, Ae, or current, A 7, 
applied at any point are equal, at any instant, to the 
voltages and currents flowing as a result of the appli- 
cation at that point of a voltage, Ae, or current, Az, 
when no other voltage or current is applied to the net- 
work. This is true of both transient and sustained 
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conditions. Using this principle to determine the volt- 
age arising across a circuit breaker upon the final 
interruption of current, we have, just before the inter- 
ruption 

1; = I, [sin (wt + ¢) — sin @] 
and én = 
After the interruption, 2p ee () 
hence, for the change in current, we have 
At =%—%, = 0— I) [sin (wt + ¢) — sin d] (4) 


The change in voltage at the time of interruption, 
Ae, and the voltage, e:, appearing after the interrup- 
tion, are, therefore, given by 
@=0+Ae=0-—1)[sin@wt+ ¢)—sing]Z (5) 
where Z is an operator representing the effective im- 
pedance of the network at the point of interruption. 

In a simple series circuit containing only resistance 
and reactance, or if the circuit has parallel branches all 
of which have substantially the same phase angle, Z 
may be calculated as a complex quantity. In applying 
this complex quantity to Equation (5), the real com- 
ponent should be applied to both d-c. and a-c. com- 
ponents of current, but the imaginary component 
should be applied only to the a-c. component of current 
and should involve a forward phase shift of 90 deg. 
Thus, for example, if, when the values of the variables 
are substituted, Equation (5) becomes 
Ae = — 10 [sin (wt + 80°) — sin 30°] (1 +7 5) (5a) 
by using the correct application of the operator (1 +7 5), 
we obtain 
A e=—10 [sin(w ¢+30°)—sin 30°|—50 cos (wt+80°) (5b) 

In a circuit having parallel branches of different 
phase angle, the voltage rapidly attained may be deter- 
mined by considering all resistances as short circuits. 
The peak value of voltage is very nearly that given by 
Equation (5). The curve joining the two is a combina- 
tion of logarithmics, one for each parallel circuit. The 
time constants of these logarithmics depend upon the 
relative values of resistance and inductance in the cir- 
cuits to which they apply. 


Low FREQUENCY PHENOMENA 
Effect of Type of Short Circuit and Cirewt Conditions 


For a given value of Io, then, the recovery voltage 
depends upon the value of ¢ and the nature and magni- 
tude of Z; @ depends purely upon the displacement 
of the current wave, and its effect can be more con- 
veniently discussed after the effect of circuit conditions. 

a.. Resistance vs. Reactance. It has long been known 
that a current flowing in a resistive circuit is much easier 
to interrupt than the same current flowing in a reactive 
circuit, with the same r. m. s. value of re-established 
voltage. This is to be expected from the fact that a 
negative sine wave of current impressed upon a resistive 
circuit gives rise to a voltage wave across the terminals 
of the circuit which is in phase with the current and 
therefore starts at zero; whereas a negative sine wave 


(1) 
(2) 
(3) 
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of current impressed upon a reactive circuit gives rise 
to a voltage wave which is 90 deg. out of phase with 
the current and therefore, neglecting high frequency 
transients, starts at its crest value. 

This may also be seen from Equations (5), (5a), 
and (5b) in that the real part of the operator Z, which 
arises from the resistance of the circuit, gives rise to 
sine terms in the recovery voltage, whereas the imagi- 
nary part, which arises from the reactance of the cir- 
cuit, gives rise to cosine terms in the recovery voltage. 

Of two short-circuit currents having the same magni- 
tude and phase angle and the same system voltage, 
but in one of which the current is limited by a resistance 
and reactance in series, and in the other by resistance 
and reactance in parallel, the parallel circuit is the 
easier to clear, for in the series circuit, the voltage 


: : dt i 
rises at a high rate to a value L ire whereas in the 


parallel circuit the voltage rises from the start along a 
comparatively slow exponential curve. 

b. Type of Short Circuit. The effective impedance 
of the network to the point of short circuit depends 
upon the constants of the network and also upon the 
type of short circuit that is interrupted. 

Where the effects of stationary apparatus predomi- 
nate over those of rotating machinery, for single-phase 
short circuits, either line-to-ground or line-to-line, the 
effective impedance of the network is the same as the 
impedance limiting the short-circuit current: 


Z4+4,+ Zs 
3 


Z, + Z, for line-to-line short circuits. 

Thus the voltage after interruption will be the same, 
except for high frequency effects, as the voltage before 
establishment of the short circuit. This is confirmed by 
the oscillogram of Fig. 1, shown in Part I. 

In the case of two-phase-to-ground short circuits on a 
grounded system and three-phase short circuits on a 
grounded or ungrounded system, however, one phase 
always clears ahead of the others, and the effective 
impedance which the network offers to the breaker in 
the phase clearing first may be different from that 
which limits the short-circuit current. 

These impedances are calculated by the method of 
symmetrical phase-sequence components in Appendix 
A. For the case of the first phase to clear of a three- 
phase short circuit the impedance is given by 


we 3202122 
Ly h,+ 41 4,+ 42122 


This solution is, of course, for a grounded neutral 
system and the effect of neutral impedance may be 
taken into account in the value assigned to Zo. 

It should be noted at this point that a difference in 
the recovery voltage characteristic of a three-phase 
grounded short circuit arises depending on whether 


for line-to-ground short .circuits and 


Z (6) 
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the neutral impedance is a resistor or a reactor. If it 
is a reactor, the voltage rises immediately to 7 Z, where 
Z has the value given by Equation (6). If the neutral 
impedance is a resistor, however, the circuit is that of 
Fig. 16, where x, is the reactance to neutral offered to 
the phase clearing first and x, and x. together represent 
the reactance of the other two phases. The voltage 
rapidly attained is that calculated by considering the 
resistance as a short circuit: 


x 3X) Xi Xe 
©" Xo Ka + Kiko + Rade 
The peak value is that indicated by Equation (6). 
The curve joining the two is a logarithmic whose time 
constant is that given by the neutral resistor in series 


with the reactances x, and x, in parallel. This time 
constant is, in electrical radians 


XX. + XX + XK 


(6a) 


ae 2R (X: + X) oe 
where R# is the neutral resistance. 
R 
The relative values X, = X, = 2 Xp = “4 are such 


as to give a time constant somewhat longer than 
average, but by no means unusual. Substituting these 


values, 
toh =O 2b Padua (eee 


In an ungrounded system, or in a grounded system 
when the ground is not involved in the short circuit, 
Zo is equal to infinity and equation (6) becomes 


7 Bas : 
Saad (7) 


and if Z; = Zz, as is the case except in rotating machin- 
ery, equation (7) may be still further simplified: 


age A (8) 


If the impedance of stationary apparatus predomi- 
nates, the current in a three-phase short circuit is given 
by 


E 
Zi 9) 


I = 


where E is the normal system voltage to ground. Mul- 
tiplying equations (8) and (9) we have 
aor es aD 
showing that the recovery voltage of the first phase to 
clear of a three-phase short circuit, where the impedance 
of stationary apparatus predominates, neglecting high 


(10) 


frequency effects, is 1.5 times the Y-phase voltage exist- 
This effect is shown in Fig. 2, 


ing before short circuit. 
Part: 
The impedance encountered by the first phase to clear 
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of a two-phase-to-ground short circuit is also calculated 


in Appendix A. Itis there shown to be, 
é ZZitMAZ2+ 4142 
i en oe ee a 


Effect of Rotating Machinery 


It is a familiar fact that in any fault at all close to a 
generator, the current is subject to considerable varia- 
tion; decaying considerably from its initial value on 
machines subject to hand regulation; and starting to 
decay, but being brought finally to a value not greatly 
different from the initial value, in machines whose exci- 
tation is controlled by a quick response excitation sys- 
tem. The negative current at the time of interruption 
being equal and opposite to this short-circuit current, 
and the reactance encountered by this negative current 
being a constant, it follows that the recovery voltage 
is decreased in magnitude exactly in proportion with 
the a-c. component of current. 

This same conclusion may be reached from another 
point of view, for the decay in short-circuit current is 
but a manifestation of decay in rotor flux, and a decay 
in rotor flux must also cause a proportionate decay in 
open-circuit voltage. 

In Part I, the factor by which the recovery voltage 
is altered by this decay in flux is called the decrement 
factor and is designated by the symbol k;. 

In Appendixes B, C, and D, there is a rather involved 
mathematical discussion, in which the phenomena ac- 
companying the flow and interruption of short-circuit 
current in rotating machinery are treated in some detail 
by the method first used by Messrs. Doherty and Nickle 
in their papers on synchronous machines. A _ brief 
discussion is offered at this point, however, in which an 
effort is made to base the argument on physical con- 
ceptions rather than on mathematics. The same 
results are obtained in the two cases. 

In the case of a single-phase short circuit, either line- 
to-ground or line-to-line, the reactance determining 
the recovery voltage is the same as that initially limiting 
the short-circuit current. The recovery voltage, there- 
fore, is equal to the decrement factor times the voltage 
before short circuit. There is very little distortion in 
the recovery voltage wave, even though the short-cir- 
cuit current wave is considerably distorted. 

These facts are well brought out in Fig. 17 which 
shows an oscillogram of a dead short circuit, single- 
phase, at 14,500-volts on a 100,000-kv-a. alternator 
without an amortisseur winding. 

On this test, 


The r. m. s. voltage before short circuit, as mea- 


sured by a/volimoeter 12. fibeems «<0: see 14,500 volts 
The decrement faetor, as determined from the 
short-circuit current curve is.................. 0.74 


The calculated peak value of recovery voltage is, 
therefore, 14,500 X ¥2 X 0.740r............. 15,200 volts 
The value of crest voltage measured on the film is.. 15,900 volts 
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In a purely reactive three-phase short circuit, after 
the displacement has disappeared, when the current 
in any phase passes through zero, that phase is linking 
the quadrature axis of the alternator. The reactance 
which a negative current will encounter upon entering 
the machine at that instant, therefore, is the quadra- 
ture subtransient reactance of the machine. 

Unless both short circuit and alternator are solidly 
grounded, the current of the first phase to clear passes 
through its own phase winding and also through those 


Fie, 
AGE OF A SINGLE-PHASE LINE-TO-LINE SHORT Circuit at 14,500 
Vouts on a 100,000-Kvy-A. Satrment-PoLE GENERATOR WITHOUT 
AN AMORTISSEUR WINDING WITH ZERO EXTERNAL REACTANCE 


of the other two phases in parallel. The reactance is 


thus— 
3 u" 
eer om oe (12) 
and the voltage at the instant of clearing is 
3 ¥ " 
en = on Um Lg (13) 


where 7,, is the crest value of current flowing just before 
short circuit. The case of a grounded short circuit is 
solved in Appendix C. The solution is given by 
Equation (14:) 


Bo ty Zo 


ey es ee 14 
Lig + 2 Zo ( ) 


Vi = 

where 2 is the zero-phase-sequence impedance at the 
point of short circuit. The remarks with regard to the 
comparative effect of resistance and reactance in the 
neutral also apply here. 
* The impedance representing the first phase to clear in 
a two-phase-to-ground short circuit is somewhat more 
difficult to visualize. The following equations are 
taken from the analysis in Appendix D and apply only 
for purely reactive circuits: 


2 (aalaq" + teq!tto + Motta’) (al? + mq"to + me) 
+ xo("_" — xa") (— 4" + 2 Lq"Lo + 2 Xo") 
a= oy (2 ax_" + 20)? + Lo (2 tq" + 0) (H4" + 2 20) 
(15) 
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2/8 (4"% + %q" Xo + 20°)?” 
ba (2 Gq" ota Po)" Ato(2ig otto) (Fo +22 


It may be inferred from the fact that the instantane- 
ous position of the generator winding with respect to 
the rotor is the principal factor governing the impedance 
encountered by the negative current that, with the 
change in the position of the winding with respect to the 
rotor which occurs throughout the cycle, the impedance 
of the winding will change so that a sine wave of nega- 
tive current will give rise to a distorted voltage wave. 
That this is the case for other than single-phase short 
circuits is brought out quite clearly from the theoretical 
viewpoint in Appendix B and verified by the oscillo- 
grams of Figs. 4 and 18 for the three-phase case. In 
the case of single-phase short circuits, however, the 
distortion occurs in the current wave and the recovery 
voltage has the characteristic open circuit wave form of 
the machine, as shown in Fig. 17. In the case of a two- 
phase-to-ground short circuit on a grounded system, 
the wave forms of both the current and the recovery 
voltage of the first phase to clear are likely to be 
distorted. 

On account of this distortion, initial values of voltage 
are considered instead of r. m. s. values. 

Of all these cases, the two giving the highest value of 
voltage across the circuit breaker terminals are the first 
phase to open of a three-phase short circuit in which either 
short circuit or generator is ungrounded, as given by 
Equation (13), and the first phase to clear of a two- 
phase-to-ground short circuit with high neutral im- 
pedance. In the first case, the current 7 is limited only 


e=H 


sf (16) 


Fig. OF THE RECOVERY 


RECORD 
VouTaGEe oF THE First PHasE TO CLEAR OF A THREE-PHASE 
UNGROUNDED SHorT Circuit at 14,500 Vouts on a 100,000- 
Ky-A. ALTERNATOR WITHOUT AN AMORTISSEUR WINDING AND 
with ZERO HXTERNAL REACTANCE 


18—OscILLOGRAPHIC 


by x2” and decrement, so that for a three-phase un- 
grounded short circuit interrupted well up on the decre- 
ment curve, 


; Em 
tm = ra" (17) 
and 
3 ae 
em = “5 En ea (18) 


where E,, is the crest value of normal phase-to-neutral 
voltage. 
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In the general case, in which several machines feed 
the short circuit through various stationary reactances, 
x,” and x2” must be replaced by s,” and sz”, which are 
the reactances of the system to the point of short circuit, 
using «,” for the reactance of all machines in deter- 


mining s,”, and x4” for the reactance of all machines in ° 


determining sq”. 
s 1] A 
. qg . . 
The ratio | 7 38, in general, less than the value of 
od 
uv 


zs ‘ 
oar for the average machine of the system, so reac- 
d 


tance external to the machines mitigates the effect of 
unequal reactances in the twoaxes. In Part I the ratio 


has been called k,. 
d 


In the case of a two-phase-to-ground short circuit on 
a system whose neutral is grounded through a high 
impedance, the current is substantially that of a line-to- 
line short circuit, and the reactance encountered by the 
negative current at the time of clearing substantially 
that determining the short-circuit current; so that the 
recovery voltage is the full line-to-line voltage of the 
system (if the decrement factor is unity). Since at the 
time the first phase clears, the other pole of the breaker 
may continue to carry sufficient current for a fraction 
of a cycle to render it conducting, all of this voltage 


appears across a single pole of the breaker. This 
voltage may approach very closely 
On = AoE g (19) 


In addition to the effect mentioned in connection with 
stationary apparatus, series resistance shifts the posi- 
tion of the winding with respect to the rotor axes at the 
time when its current ceases, and thus makes its reac- 
tance more nearly that corresponding to the direct axis. 

In laminated rotor machines without amortisseur 


uv 
windings, the ratio es is comparatively high, aver- 
aging about 2.0 or2.5. Thisis because the field winding 
practically prevents, for the duration of a rapidly inter- 
rupted short circuit, any change in the value of rotor flux 
in the direct axis, thus limiting the value of x,” to slot 
and end turn reactance, whereas there is nothing except 
the air gap, and the metal rotor wedges of a round rotor 
machine, to limit the building up of flux in the quadra- 
ture axis. 

Any conducting path which limits the amount of 
flux which can be built up, in a thousandth of a second 
or so, in the quadrature axis of a machine limits x,” in 
proportion. Thus an amortisseur winding redtices both 
xa’ and x,”, but the reduction in x,” is so much greater 
that the two become very nearly equal. The iron of a 
solid round rotor machine serves much the same purpose 
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as the amortisseur winding of a salient-pole machine, 


x "v 
. q 

and the ratio ee 
d 


for solid rotor machines is only 


about 1.45. 

The effect of an amortisseur winding is well brought 
out by the oscillograms of Figs. 4,5, 18, and 19. All 
these oscillograms show the voltage across the first 
phase to clear of a three-phase grounded short circuit 
on an ungrounded machine, the generator used being 
the 100,000-ky-a. alternator used by the company with 
which the authors have been associated in its circuit 
breaker testing plant. The oscillograms of Figs. 4 and 
18, however, were taken before, and the oscillograms of 
Figs. 5 and 19 after, the amortisseur winding was in- 
stalled on that machine. Figs. 4 and 5 are taken witha 
comparatively slow film speed so that the entire short 
circuit could be recorded on a reasonably short film, 
while for Figs. 18 and 19, the film was run at a high speed 
so that the wave form could be observed. It will be 
noted that the overvoltage shown in Fig. 4 is much 
greater than that shown in Fig. 5 and that Fig. 18 shows 
a prominent third harmonic up until the time when the 
two later phases clear, which hardly appears at all in 
Fig. 19. Both Figs. 18 and 19 show a rather fuzzy 
curve up to the time when the two later phases clear, 
and in Fig. 5 this fuzziness shows up even on the slow 
film. 

The difference in overvoltage between Fig. 4 and Fig. 
5 checks with what is to be expected from the quadra- 
ture reactance factors for the two cases, as shown by the 
calculations below: 


Quantities Fig. 5 
Amortisseurswindine Ge ae cs ae eee ener No Yes 
Decrement factor ne :hutacikic aetna 0.63 0.50 
Factor for three-phase short circuit on an un- 

prounded machine-eem ssa oe Heenan e eeee 1.50 1.50 
Line-to-line voltage before short circuit (mea- 
sured: by Voltmeter) maamemiee act tie eens 13,200 14,500 
Peak value of recovery voltage.............. 16,200 11,400 
Quadrature reactance factor as calculated from 
above quantities: 
16,200 
OQ) eos 
eT Ea Dae. pe Go 
V3 ; 
11,400 
(b) 14.500 ne 1.28 
ek PV Oy XS 1155 G0.50 
V3 | 
Quadrature reactance factor as determined 
from static tests— 
AVA T moroiold:cwnalee Ave oe ee eee 1273 1.38 
Dee btu efiold esas tices et det ten aes ‘8 1.28 


As has been previously brought out, the distortion is 
to be expected with a high quadrature reactance factor. 
The fuzziness or irregularity of the voltage wave is 
due to the inequality of the are voltage on the two 
phases still carrying current, for. the potential of the 
entire generator with respect to ground has a term equal 
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to one-half the difference of these two arc voltages. 
The departure of the actual voltage wave from its cal- 
culated value on account of this effect is limited to one- 
half the arc voltage of one of these other phases. 

An induction motor is a laminated rotor machine with 
an amortisseur, whether it be a squirrel cage or poly- 


phase wound rotor machine. Here the ratio 
d 
unity, due to the exact similarity of the two axes; for 
in an induction motor, the direct axis is distinguished 
from the quadrature axis only by the fact that for the 
moment it happens to be the axis of the rotor flux. The 
rotor flux of an induction motor is subject to about the 
same decrement as the d-c. component of a synchronous 
motor short circuit, so that short-circuit currents from 
induction motors are of no importance in a short circuit 
lasting more than four or five cycles, but a large induc- 
tion motor connected to a short-circuited bus offers a 


Fie. RECOVERY 


RECORD OF 
VOLTAGE OF THE First PHase TO CLEAR OF A THREE-PHASE 
Snort Crrcuit At 14,500 Voits on SAME GENERATOR AS F114. 18, 
BuT AFTER THE AMORTISSEUR WINDING WAS INSTALLED 


19—OscILLOGRAPHIC THE 


low reactance for the negative current that flows when 
the short circuit is cleared, and thus makes the circuit 
easy to interrupt. 


u 


x 
Table III, Part I, gives the values of ae 
d 


which 


may be expected for various types of machines. 


Effect of Displacement 

Displacement has the effect of shifting, with respect 
to the a-c. component, the time at which a short-circuit 
current wave passes through zero; hence it decreases 
the rate of change of current at that time and the initial 
instantaneous value of recovery voltage. In the case 
of rotating machines with unequal reactances in the 
direct and quadrature axes, displacement will have the 
additional effect of shifting the position of the winding 
at the time of current zero from directly in line with the 
quadrature axis of the rotor, to a position more nearly 
in line with the direct axis; thus it reduces the reactance 
of the circuit at the instant of clearing. 

An oscillogram of a highly displaced short circuit is 
shown in Fig. 6, Part I. 


HicH FREQUENCY PHENOMENA 
The high frequency phenomena accompanying the 
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interruption of a short circuit are primarily attributable 
to the capacitances and leakage resistances existing at 
various points of the circuit—particularly, close to the 
circuit breaker. They may be calculated by setting up 
the circuit with the proper reactances and assigning the 
proper capacitance or resistance at each point, and 
solving. 

A discussion of the types of apparatus important 
from the point of view of high frequency phenomena is 
given in Part I. A few details, however, which were 
omitted there, are conveniently mentioned at this 
point. ° 

Transmission lines and cables are well and widely 
known to be distributed circuits capable of supporting 
traveling surges. In such a surge, a current of any 
given magnitude is always associated with a propor- 
tionate voltage, so that, from the point at which a 
surge is impressed, until reflections appear, the circuit 
appears to be a resistance. The ratio of voltage to 
current in such a surge is known as the surge impedance 
of the line. In overhead transmission lines the surge 
impedance is usually about 300 or 400 ohms; in cables 
it is much lower, varying from 20 to 50 ohms. The 
rate of propagation of waves on transmission lines is 
very close to the speed of light, about 1,000 ft. per 
microsecond. In cables the speed of propagation is 
only about 300 to 500 ft. per microsecond. 

At an open end of a transmission line or cable a wave 
is reflected with reversed current and voltage of the 
same polarity. At a short-circuited end, the reflected 
voltage is reversed and the current has the same polarity 
as that of the approaching wave. Partial reflections 
occur at any discontinuities. 

The minimum possible effective value of capacitance 
between the circuit breaker and transformer is the 
effective capacitance of the transformer winding plus 
the capacitance of one circuit-breaker bushing and one 
transformer bushing. This capacitance may be as 
low as 0.001 microfarad per transformer. 

The inductance of the circuit is determined from the 
short-circuit kv-a.: If “kv.” represents the transformer 
leg voltage before short-circuit in kilovolts, and “‘kv-a.” 
the initial short-circuit kv-a. per phase for a fault right 
at the terminal of the transformer, at 60 cycles, 


_ 1000 kv.) 
2 arf kkvea: 


(at sixty cycles) (20) 

On the basis of this value of inductance and a capac- 

itance of 0.001 uf. (10-* farad) per transformer, the ex- 
treme frequency of the recovery voltage is given by 


(kv.)? 
Teeahe henrys per phase 


k, = 2.65 


j if " 10! 
2r7vVv LC Baal 026 
-a. 
3200 v-a. 
AG ie ‘ rons cycles (21) 
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and the maximum rate of recovery voltage 


r = 20k; / k, k, kv-a./n volts per microsecond (22) 
in which 
kv. = leg voltage of the transformer. 


kv-a. = kv-a. per phase of the short circuit. 
and 
nm = the number of transformers feeding the short 


circuit. 

For a 200,000-kv-a. single-phase line-to-ground short 
circuit on one transformer at 38.1 kv. (66-kv. line- 
to-line) these values are f = 38,000 cycles and 
r = 10,500 volts per microsecond. It should be noted 
that these conditions are extreme and that under actual 
operating conditions the capacitance of bus structure 
and all transformers over one connected to the bus may 
be sufficient to cut both frequency and rate of recovery 
voltage to less than one-quarter of these values. 

A rotating machine appears, from a theoretical stand- 
point, very similar to a transmission line, and it has 
been shown to react to lightning surges in much the 
same manner as a transmission line, even to the extent 
that oscillations due to reflection disappear when the 
correct value of resistance is connected to the machine 
neutral. 

For the type of surge resulting from a circuit 
breaker interruption, however, the voltage at the 
terminals of the machine loses the straight lines and 
sharp corners that would be expected on a transmission 
line on account of the capacitance of buses, bushings, 
etc., connected at its terminals and on account of 
reflections at discontinuities within the winding. The 
oscillations in recovery voltage are, therefore, very 
nearly sinusoidal in shape, as would be the case in a 
lumped circuit. Their frequency, however, is equal to 

1 
PA EN, WOM 
as for a lumped circuit, L and C representing quadrature 
inductance per Y-phase and capacitance per Y-phase. 

Approximate values of L, C, frequency, and rate of 
recovery voltage rise for the first phase to clear of a 
three-phase ungrounded short circuit are given in Equa- 
tions (23), (24), (25), and (26), below, the values for the 
constants of these equations being given in Table IV. 
Fig. 9, Part I, shows a graph of Equation (26), giving 
the rate of recovery voltage rise for the first phase to 
clear of a three-phase ungrounded short circuit at the 
generator terminals. 

It must be appreciated, of course, that such equations 
and curves as these require the assumption of specific 
values for many of the design constants of the machines, 
and that variations from assumed values in individual 
machines will cause variations from the values of L, 
C, f, and r given by these equations and curves. The 
one of these constants whose variation most affects 
these quantities appears to be the peripheral velocity. 
This has been assumed as 11,000 ft/min. in salient- 


>. == as for a transmission line instead of 
4V/ LC 
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pole machines with amortisseurs, 10,000 ft/min. in 
salient-pole machines without amortisseurs, and 22,000 
ft/min. in turbo-alternators. The values actually used 
in water-wheel generators vary all the way from 5,000 
ft/min. to 18,000 ft/min., the lower values occurring 
with low-head low-power installations, and the higher 
values with high-head high-power installations. Values 
of L and C are roughly inversely proportional to pe- 
ripheral velocity, and values of f and 7, directly propor- 
tional to peripheral velocity. 


MVA : 
Cave microfarads per phase 
Vkv. (1 + 0.08 kv.) 
(23) 
L=k ee henrys per Y-phase (24) 
*“MVA 


x/ky. (1 + 0.08 kv.) 
kv. 


r =k, X/kv. (1 +-0.08 kv.) volts per microsecond (26) 


cycles per second (25) 


J Sake 


TABLE IV 
VALUES OF CONSTANTS 
ke ku if ky 


Solid round) rotors yee oer eit 0.0187 | 0.00048} 83,500 679 
Salient-pole generators without 

BMOrtisseurs sc. ae eee eee 
Salient-pole generators with amor- 


TSSOUIPS yes, aire be a ie ae 


0.0347 | 0.00172} 32,300 420 


0.0317 | 0.00061} 57,100 334 


If the neutral of a rotating machine is grounded 
through resistance, and if the short circuit is grounded, 
the neutral resistance is in parallel with the inductance 
of the last two phases to clear of a three-phase-to- 
ground short circuit. If the value of bee is 


for these last phases it will damp out the oscillations - 
voltage across these phases rapidly enough to reduce 


appreciably the peak value of the second half-cycle, 
and to delay this peak several hundred microseconds. 


comparable with or less than the value of 5 


Solution of Semple Circurts 


Solutions are briefly presented here for five simple 
circuits as follows: 

1. A three-phase-to-ground short circuit on a solidly 
grounded generator with three ohms external reactance 
in series per phase. 

2. First phase to clear of a three-phase-to-ground 
short circuit on an ungrounded generator with three 
ohms external reactance in series per phase. 

3. The first phase to clear of a three-phase un- 
grounded short circuit at the generator terminals. 

4, Single-phase-to-ground short circuit approxi- 
mately 10 miles out on a transmission line; circuit 
breaker directly connected to the high side of the trans- 
former; transformer neutral solidly grounded; low- 
voltage side of transformer connected to an infinite bus. 
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5. Single-phase to ground short circuit on transmis- 
sion line side of circuit breaker; a second transmission 
line approximately 10 miles long is connected between 
the circuit breaker and the transformer and is open cir- 
cuited at the far end; transformer neutral is solidly 
grounded; low side of transformer is connected to an 
infinite bus. 

1. The recovery voltage following a three-phase 
grounded short circuit on a solidly grounded generator 
with three ohms reactance in series per phase. 

Generator voltage = 14,500 volts line to line, 8400 
volts line to neutral. 

Generator reactances: x,” = 0.77 ohm; x,” = 0.60 
ohm; 2% = 0.05 ohm. 

The external reactance in this case is high enough so 
Chat, 1-0. 

Bus capacitance to ground = 


Pek 8243.05 
Ba) 3.05 


0.008 uf per phase. 
3.0 + 0.77 


3.0 40.60 ~ 1:95 


OEE Tepe 


E eit 
The inductance of the reactor is =—- 


g77 = 0.0077 henry 


Hence, the value of voltage appearing immediately 
upon interruption, neglecting high frequency oscilla- 
tions is 

€m = 8400 X V2 X 1.05 x 0.93 = 11,600 volts 

Before settling down, however, the voltage will oscil- 
late between zero and twice that value, the frequency of 
oscillation being 


ik 
foe 
Amen 0007 0.008 x 10-8 
10° 
= 7 = 2 ouuicyeles 
Cigars att XX 0.8 


The limiting conditions for the high frequency oscil- 
lations are as follows: 


: de 
At time t = 0,e = Oand 7 =\) 


Whent = ~,e = 11,600 
These conditions are satisfied by the equation 
e = 11,600 (1— cos2 m7 X 20,300 ft) 

Thus far no attempt has been made to calculate the 
decrement associated with these oscillations, as this is 
not as arule an important factor. In Fig. 10, Part I, 
this curve is plotted for comparison with the cathode- 
ray oscillogram obtained on this connection, the decre- 
ment exhibited by the oscillation of the cathode-ray 
oscillogram being assigned to the calculated curve. 

Assuming a uniform rate of recovery of dielectric 
strength of the gap and no decrement, this rate must be 
that corresponding to the slope of the line O A of Fig. 10. 
That is, 

r = 11,600 X 4.37 x 20,300 x 10-* = 1070 volts per 
microsecond. 
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2. The recovery voltage of the first phase to clear of 
a three-phase-to-ground short circuit on an ungrounded 
generator with three ohms reactance in series per phase. 

Generator voltage = 14,500 volts line to line = 8400 
volts line to neutral. 

External reactance per line = 
or 0.0077 henry. 

Capacitance to ground between circuit breaker and 
reactor per phase = 8 X 10~° farad. 

Generator capacitance to ground = 0.8 < 10~* farad 


3.0 ohms at 60 cycles, 


kame 
kis 
x,” a, 0.77 + 3.0 
bi ME EO Ie C0) a ice 
Hence, 


= 1.5" xX S400 Ky 21 1.00. 18/700 volts 

For the purpose of determining oscillating character- 
istics, the circuit may be regarded as that of Fig. 20a, 
which may be simplified to that of Fig. 20B, and again 
to that of 20c. 

This circuit has two oscillating frequencies, as follows: 


ue | BOi + Gs) AEC? 27010, 4-C2 
20 2 Fv, OF 


= 20,300 cycles 


V9 CY — 20,0, + Ce 


2 | BOi+ 6) - 
27 Ey Os 


= 2840 cycles 


The mathematics involved in an exact solution for 
the voltages associated with these frequencies is quite 
laborious, but a very close approximation to the correct 
result may be obtained by the following process of 
reasoning. 

The high frequency oscillation is substantially that of 
inductance L, oscillating freely with capacitance C,, 
capacitance C, acting as a short circuit, while the low 
frequency oscillation is that of inductance L, oscillating 
freely with capacitance C2, C, being practically an open 
circuit. 

In view of the fact that L, = 2 Lz, two-thirds of the 
final voltage will appear across L, and one-third across 
L;. Therefore, two-thirds of the final voltage is asso- 
ciated with the high frequency oscillation and one-third 
with the low frequency oscillation, and the equation of 
recovery voltage is 


e = 12,500 (1 — cos2 7 X 20,300 t) 
+ 6800 (1 — cos2 7 X 2840 t) 


In Fig. 11 this curve is plotted alongside a cathode-ray 
oscillogram taken on the circuit for which the curve was 
calculated. As in Case 1, the decrement was not calcu- 
lated for either frequency, but the high frequency 
decrement was taken from the cathode ray oscillogram 
and the low frequency oscillation is plotted without 
decrement. 
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3. Therecovery voltage of the first phase to clear of 
a three-phase ungrounded short circuit at the generator 
terminals. 

Generator voltage = 14,500 volts line to line, 8400 
volts line to neutral. 


tq” = 0.50 ohm 


," =» 0.65 ohm 
L,” = 0.00146 henry per phase 
Generator capacitance = 0.26 x 10-* farad per 


phase. 
From Equation (18) the value of voltage appearing 
immediately, neglecting high frequency oscillations, is 


= bX 8400 oe 
Before settling down, however, the voltage will 
oscillate between zero and twice that value, the fre- 
quency of oscillation being 
104 


a ae en UO TOVCIeS 
4/26 X .146 


= 19,500 volts 


Assuming that all harmonics are obliterated by the. 


discontinuities of the circuit, we have 
e = 19,500 (1 — cos2 7 X 12,800 #) 
Assuming a uniform rate of recovery of dielectric 
strength of the gap, this rate must be 
r = 19,500 X 4.55 x 12,800 x 10-* = 11385 volts per 
microsecond. 


4. The recovery voltage of a single-phase to ground 
short circuit 50,000 ft. (approximately 10 miles) out 
on a transmission line; circuit breaker directly con- 
nected to the high side of the transformer; transformer 
neutral solidly grounded; low-voltage side of trans- 
former connected to an infinite bus. 

Surge impedance of the transmission line = 400 ohms 

Velocity of propagation on transmission line = 1,000 
ft./microsecond. 

Reactance of transmission line = 0.15 ohm/1,000 ft. 
or 7.5 ohms total. 

System voltage = 66,000 volts line to line = 38,100 
volts line to ground. 

Transformer reactance = 10 per cent on 20,000 
ky-a. at 88,100 volts = 7.25 ohms. 


38,100 
14.75 
Capacitance of bus structure between circuit breaker 

and transformer = 0. 
Transformer and circuit breaker bushing capacitances 
= 0.1 X 10- farad each. 


Effective transformer winding capacitance to ground 
= lix<l0attarad: 


Leakage inductance of transformer winding = 0.0192 
henry. 

In this case the voltage across the switch will have 
two components, for the voltage of the line side of 
the breaker will experience a change of one polarity on 


Short-circuit current = = 2,580 amperes. 


PARK AND SKEATS: CIRCUIT BREAKER RECOVERY VOLTAGES Transactions A. I. E. E. 


account of the negative current suddenly impressed on 
the transmission line, and the voltage of the transformer 
side will experience a change of the opposite polarity due 
to the negative current suddenly impressed on the 
transformer circuit. 
The rate of change of current at the current zero is 
di 


dt 


second. The rate of change of voltage on the line side 
of the breaker is, therefore, 


= 2.58 < 0.877 X +/2 = 1.375 amperes per micro- 


de 


dt 


This rate of change will continue until the wave has 
had time to travel to the end of the line and back, at 
which time it will reverse. At the time of reversal the 
voltage due to this effect will be e: = 550 x 100 
= 55,000 volts. 

On the transformer side of the breaker the circuit 
consists of a capacitance of 1.2 « 10-° farad in parallel 
with an inductance of 0.0192 henry. Impressing 
suddenly upon such a circuit a current starting from 
zero and increasing at the rate of 1.375 = 10° amperes 
per second gives a voltage oscillation 


= 1.375 x 400 = 550 volts per microsecond. 


10° Xt ) 
© V19.2 X 1.2 
= 26,400 (1 — cos 2 r X 33,000 t) 


é. = 1.875 X 10° X 0.0192 ( 1 —€0, 


Fie. 20—Succrssive SIMPLIFICATIONS OF THE CIRCUIT FOR 
ANALYSIS OF THE HiGH-FREQUENCY OSCILLATIONS OF THE 
Recovery VOLTAGE oF A THREE-PHASE-TO-GROUND SHORT 
Crrcurr ON AN UNGROUNDED GENERATOR WITH HXTERNAL 
REACTANCE IN SERIES 


The equation for the voltage across the breaker is then 
e = 550 X 108 t + 26,400 (1 — cos 2 r X 838,000 2) 
and the necessary rate of recovery of dielectric strength 
in the breaker is 
r = 550 + 26,400 x 4.387 < 33,000 x 10-* = 4510 volts 
per microsecond. 

The calculated recovery voltage curve is plotted as 
curve No. 2 of Fig. 8 assuming a decrement ¢€71000 
for the transformer oscillation. It is interesting to note 
that this curve has two components of frequencies so 
different that the highest value of voltage is much lower 
than the sum of the two components. This may often 
hold true in the case of a short circuit out on a trans- 
mission line, but it will not always be the case. 

5. Single-phase-to-ground short circuit at trans- 
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mission line side of circuit breaker; a second transmis- 
mission line 50,000 ft. (approximately 10 miles) long 
is connected between the circuit breaker and the trans- 
former and is open circuited at the far end; transformer 
neutral is solidly grounded; low side of transformer is 
connected to an infinite bus. 

Constants of transformer and transmission line will 
be assumed the same as in case 4. 

The bushing and transformer capacitances are now 
negligible, however. 


38,100 
7.25 


In this case there will be no voltage change at the line 
side of the breaker. 

On the transformer side of the breaker the voltage 
may be calculated from circuit (8) of Fig. 8, assuming 
‘a current 

4 = 5260 X 377 X V 2t = 2.80 x 10% 
The following equation holds for circuit (3) of Fig. 8 
until reflections appear from the far end of the line. 


dt e 1 


Short-cireuit current = = 5,260 amperes. 


where Z is the surge impedance of the transmission line, 
or, solving for e, 


and making the numerical substitutions 
—400 


e = 0.0192 x 2.80 x 10° ( 1 — <7‘) 


= 58,700 (1 mite hans, 
(t expressed in microseconds) 


This equation holds for the voltage at the transformer 
side of the circuit breaker until the reflected wave re- 
turns from the end of the transmission line and also for 
the front of the wave traveling down the line. 

At 100 microseconds, however, the front of the re- 
flected wave returns from the end of the line and there 
arises at the breaker terminal, over and above the volt- 
age €), a voltage which may be calculated by the con- 
ventional transmission line theory. 

This voltage is 

y= 27A0 (¢— 100):€ 088 00) 

(t expressed in microseconds) 

From ¢ = 100 to t = 200 microseconds, e = @ + @1. 
At 200 microseconds, however, the front of the next 
reflection returns from the end of the line and the volt- 
age curve has another hump. The calculated recovery 
voltage curve for the first 300 microseconds is shown as 
curve 3 of Fig. 8. 

A recovery rate of dielectric strength, r = 53,700 
x 0.0208 = 1120 volts per microsecond is rapid enough 
to prevent breakdown. This is only about one-fourth 
of what was required in case 4, in spite of the fact that 
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the short-circuit current in case 5 is more than twice 
as great as in case 4. 


Interruption of Line Charging Currents 


In Part I there is described a process of breakdown of 
gap insulation, reversal of the potential difference be- 
tween transformer terminal and transmission line, and 
interruption of the arc, leaving the line charged up to its 
new potential; the process repeating itself and increasing 
the transmission line potential to ground with each 
repetition. 

This section inquires into the wave shape of current 
and voltage build-up in the transmission line and the 
rate of recovery voltage rise across the gap at the time 
the transient charging current supposedly reaches zero 
and is extinguished. 

Fig. 21 applies to the interruption of the charging 
current of a transmission line when that transmission 
line is the only apparatus connected to the high side of 
the transformer. It is a calculated record of voltages 
and currents immediately after a breakdown of gap 
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Fig. 21—CurRENT AND VOLTAGE SURGES UPON THE SUDDEN 
CONNECTION OF A TRANSMISSION LINE TO THE HiGH SIDE OF A 
TRANSFORMER WHEN NO OTHER LINE IS CONNECTED THERE 


insulation in the circuit breaker. The curves V,, V2, 
and V; of this figure represent the difference between 
the potential of the line at any instant and its potential 
just before the breakdown of the gap. The curves 
A, As, and A; represent the current flowing through 
the gap at any instant. Curves V; and A, apply toa 
line whose length is such that a wave can travel from 
one end of it to the other and back in a time equal to 
the time constant of a simple circuit consisting of re- 
sistance and inductance alone, whose resistance is equal 
to the surge impedance of the transmission line and 
whose inductance corresponds to the reactance which 
would limit single-phase line-to-ground short-circuit 
current fed by the transformer into a fault at its high 
side terminal. Curves V2 and A,» apply to a line twice 
as long as that to which V,; and A, apply, and curves 
V; and A; to a line twice as long as that to which V», 
and A, apply. All six curves start together from the 
origin and separate only at the time when reflections 
return from the far end of the line. 

For a transformer whose voltage and kv-a. ratings are 
76-kv. to ground (132-kv. line-to-line) and 20,000- 
kv-a. per phase, operating solidly grounded and with a 
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single-phase total circuit reactance of 20 per cent at 60 
cycles, curves V; and A, apply to a line 47.5 mi. long, 
V,and A, apply to a line 95 mi. long, and V; and A; 
to a line 190 mi. long. If the single-phase short-cir- 
cuit reactance effective at the high side of the trans- 
former is lower than assumed here due to lower voltage, 
higher kv-a. rating of transformer, more than one trans- 
former in parallel, or a lower per cent circuit reactance, 
the lengths of line corresponding to the various curves 
would be proportionately reduced; thus if the voltage 
were 38-kv. line to ground or the single-phase circuit 
reactance 5 per cent on 20,000 kv-a. or 20 per cent on 
80,000 kv-a., the lengths of line would be reduced to 
12, 24, and 48 mi. 

The equations for the curves are 

1. For the voltage and current up to the time of the 
first reflection 


eat 

ea (l= e€. 5) 
E fei 

5 a ne) 


2. For the changes in voltage and current arising 
from the first reflection 


Z 


yy ES ais 55 
e= L te 
4= 


3. For the changes in voltage and current arising 
from the second reflection 


De gee Zt aes 
e-H(2—~ic r'_9(—)- z') 
E es Z-= 
pees Y Lia) L mos ja 
a Z [ 2+2€e +2 Z te 
Tisuens ! 
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where 


E = the potential difference across the circuit 
breaker just prior to breakdown of the gap. 

the surge impedance of the transmission line. 

the inductance corresponding to the reactance 
limiting the line-to-ground short-circuit cur- 
rent fed by the transformer into a fault at its 
high side terminal, and 

is time in seconds measured from the break- 
down of the gap in case (1) and from the 
initial appearance of the reflections referred 
to in cases (2) and (8). 


The recovery voltage characteristic at the end of the 
first loop of the high frequency transient current is 


Z 
L 


lI 
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similar to that of curve No. 2 of Fig. 8 except that the 
half amplitude of each component, instead of being about 
half of normal crest voltage is between 0.6 HE and E, and 
E may be several times normal crest voltage, so that 
as far as rate of recovery voltage rise alone is concerned, 
the interruption may be much more difficult at this time 
than under any short-circuit condition. The conditions 
existing inside the breaker, however, are probably more 
favorable to interruption than in the short-circuit case, 
for in this case a moderate current has been flowing in 
the arc for a time less than one thousandth of a second 
(for a line less than 100 miles long) and the quantity of 
gas generated should be very small. 

It is conceivable that the limit of the ability of the 
breaker to interrupt this transient current might limit 
the line overvoltage, for if this transient charging cur- 
rent is allowed to flow back and forth until it dies away, 
the transmission line will be brought, in approximately’ 
a steady-state condition, to the normal transformer 
voltage and the process of building up an overvoltage 
will have to start over again at the beginning. Now it 


MULTIPLY BY E FOR VOLTAGE SCALE 
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Fig. 22—CurRENT AND VOLTAGE SURGES OccuRRING UPon 
THE SUDDEN CONNECTION OF A TRANSMISSION LINE TO A POINT 
To Wuich Are CoNNECTED THE HigH SipE TERMINAL OF A 
TRANSFORMER AND OnE OTHER LINE LONGER THAN THE ONE 
SUDDENLY CONNECTED 


will probably not make much headway, due to the fact 
that a considerable gap will have been established 
between the circuit-breaker contacts. 

Fig. 22 applies to the disconnection of a line energized 
from a bus to which one other line, longer than the 
one being deenergized, is connected. 


The equations for the curves of Fig. 22 are 


(1) for the voltage and current up to the time of the first 
reflection 
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With E equal to normal crest voltage, the rate of 
change of current through the switch at the time when 
the current passes through zero is approximately equal 
to the rate of change at a current zero of a dead short 


~ circuit at the high side terminal of the transformer. 
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Fig. 23—Current anp Voutace Surces Aristneg Upon 


THE SUDDEN CONNECTION OF A TRANSMISSION Line To a Point 
TO Wuicu Arr ALREADY CONNECTED THE Higu Sipr TERMENAL 


oF A TRANSFORMER AND ANOTHER LINE, SLIGHTLY SHORTER 
THAN THE Ons SuDDENLY CONNECTED, AND CONNECTED TO AN 
INFINITE ae At Its Far EinpD 


The impedance offered to high frequency transients 
passing through the switch is approximately a resistance 
equal to the sum of the surge impedances of the two 
transmissio lines. 


With E equal to normal crest voltage, therefore, the | 
rate of rise of recovery voltage is roughly twice that 


en by the first part of curve 3, Fig. 8. EH may, 
wever, become several times normal crest voltage, 
the rate of rise Oo Tecovery voltage may reach 


n t e point of view “7 the rate of rise of recovery 
interruption at the end of the first 
igh frequency transient current is several 

an tee we eae of FU aas 


on a par with. curve 4 of bie 8. 
t on this cireuit is therefore con- 
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slightly shorter than the line being deenergized and is 
connected to an infinite bus at the far end. 

The rate of change of current at the end of the first 
loop of the high frequency transient is nearly double 
that occurring in Fig. 22 and the rate of rise of ay 
voltage is correspondingly greater. 

Fig. 24 presents curves for the disconnection of a 
transmission line from an infinite bus, neglecting attenu- 
ation of the wave front. In this case it will be noted 
that the current passes through zero with an infinite 
rate of change. If the current is interrupted under the 
assumption of zero attenuation the voltage across the 
switch will rise immediately to a value #. Under this 
condition it is difficult to see how an interruption could 
occur. Actually, however, there will be a certain 
amount of attenuation which in long lines will probably 
be sufficient to make an interruption possible; in the 
case of short lines, two or three oscillations may occur 
before interruption. In this case interruption might 
occur with the transmission line charged to the same 
potential as before the breakdown of the gap, and in 
that case the process of voltage build-up would probably 
cease, for subsequent voltages across the gap would be 
only slightly greater than the value of E for this last 
breakdown. 
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Appendix A 


In this appendix are calculated the impedances met 
by the negative current arising upon interruption of 


Fie. 25—Circuir ror THE First Puasre To CLEAR OF A 


THREE-PHASE SHORT CriRCUIT 


short circuits such that the short-circuit current is 
limited principally by stationary apparatus. Calcu- 
lations are presented for three-phase short circuits and 
for two-phase-to-ground short circuits. 
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These impedances are determined by the method of 
symmetrical phase-sequence components as follows: 

For a three-phase short circuit, the circuit is that 
shown in Fig. 25. The impedance of this circuit may 
be determined by assuming unit current flowing from 
one terminal to the other and calculating the resulting 


voltage. The equations applying are 
Ch = O11 21 + A tn 2 + 2% = 0 (A-1) 
Co = O71, 21 + te 2 + ty MH = O (A-2) 
ta =U tet =1 (A-3) 


Solving these three equations for 7;, 72, and %, 
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21 2 + 22 Zo + 2o % 
But 
- Fi ns oS @1 22 &o 
Za Ore Og =a 1 Ch eee Ue = ee 
i °; @1 2 + 22 2% + 2 21 
(A-7) 
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And, sincez = eee 
il 
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Z2 %o Zo — OF Br 
ke A-8 = = 
@1 Z2 + 22 2 + 2 ZA ae (@?— a) (1 + 22 +29) lara. 
This equation may be used for solidly grounded sys- 1 if 0 
tems, for systems grounded through a neutral im- a a 1 
pedance, and for ungrounded systems, for either ; G2 21+. ee 0 
grounded or ungrounded short circuits by adjusting the 40 = 1 1 1 
value of 2 as follows: . a 1 
For grounded short circuits @2, ee Zo 
If the system is solidly grounded use the value of 
Z as calculated for the system at the point of short a4 @? %1— Ae, (A-14) 
circuit. ~ (a? — a) (1 + ee + %) Py 
At all points of the system where there is a neutral Bar 


impedance, add three times the neutral impedance 
to the value of 2 for a solidly grounded neutral. 
If the system is ungrounded, z = « 
For all ungrounded short circuits, 2 = ~. 
For a two-phase-to-ground short circuit, the circuit 
is that shown in Fig. 26. The following equations 
apply to this circuit: 


26—CrrcviT FOR THE First PHASE TO CLEAR OF A Two- 
PuHAsuH-TO-GROUND SHORT CIRCUIT 


Fia. 


te = hi tte +% = 0 (A-9) 
1p = at + a te + 20 =e (A-10) 
eo = a 11 Z4+4a te Zo + to a= 0 (A-11) 
Solving for 7, 42, and %, 
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Zo = Cy = Cp = 2 21 + A be Ze + 4 2 


(a? — a) (21 22 + 22 20 + 20 21) 
(a? — a) (21 + 22 + 2) 


Z1 2 + 22% + 2 21 
Z1 + 2 + Zo 

(A-15) 

The short-circuit current flowing previous to inter- 


ruption in the circuit of Fig. 26 is determined by solu- 
tion of the following equations: 


ey = @ (BE — 44 21) — A? be 22 — 19 Zo = O (A-16) 
& = a (E — 44 21) eae te fp 10 Zo = 0 (A-17) 
Ue, ES OF + te + to = 0 (A-18) 


Equations (A-16) and (A-17) may be rewritten 


12121 + Oto 22 +4 % = aH (A-19) 
and 07 4421 + Ote%. + 49% = @H (A-20) 
From Equations (A-18), (A-19), and (A-20) 
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1 wk 0 
a2, @2, ak 
: 2, @2, GH 
al 1 1 
Gey “O25. By 
Q?2, Az Zo 


ete eA SNE Elves 
(a? — a) (1 Z. + 22% + 20 21) 
$f Z1 Zo + 22 Zo + Zo 21 is ) 
(a — a?) 2. + (a— 1) 2 
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y= O%4y+02,+%=H 


= ee re ee A-24 

=e) @1 22 - 22 Zo + Zo 21 AAS ) 
The magnitude of the vector 2, Is given by 

la, =/38E VJ Zo + 2 Ze + 22? (A-25) 


21 Zo + Ze Zo + 20 21 


Thus multiplying Equations (A-15) and (A-25), the 
magnitude of the recovery voltage of a two-phase-to- 
ground short circuit in which the effect of the stationary 
apparatus predominates over the effect of rotating 
machinery is given by 


aw, V/ 20° + 20 22 + 22 
21 4 22 + 20 


(A-26) 


Appendix B 


The object of this appendix is the determination of 
the expression for the magnitude of recovery voltage, 
(neglecting the high frequency considerations), for a 
synchronous machine in which x,” differs from x2” and 
in a system in which the short circuit is opened before 
the direct-current component has vanished. ° 

As in the remainder of the paper, the principle of 
superposition is used here. The voltage across the 
terminals of the switch is calculated as that which 
would be necessary to force through the circuit from 
one switch terminal to the other, the current 7,. 

The distribution of the current in phases b and c¢ is 
determined by considering that both 2, and 7, have 


cat 

one component equal to — 9 Za, and a second com- 
ponent, which may be considered as a circulating cur- 
rent, which is equal and opposite in phases 6 and c. 
Thus the currents in phases 6 and c may be represented 
as follows, 

ty = Vo1 + tee 

te ter + Ler 


(B-1) 
(B-2) 


ll 
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where, 
101 = ter = — 9 te 


and 
Loe = V2 

The current which flows when a symmetrical three- 
phase ungrounded short circuit is placed on a three- 
phase machine, is given by Messrs. Doherty and Nickle 
in their paper Synchronous Machines V.* The current 
in phase a which flows previous to interruption can 
therefore be expressed as, 


/ 


fig ead Jan fd Bae BEe nt 
pes a cos (t— a) + @ ae € cos (t — @) 
3! — 24" 
+ @ = re e-°?" cos (f — a) 
x" xe," vo” — 2." 
=69 eee e** cos até Qa,” e-*” cos (2 ta) 
(B-3) 

where 

€) = open circuit terminal voltage before short circuit. 

a = displacement between armature winding axis 
and axis of field pole at the instant of short 
circuit. 

xq = three-phase line-to-neutral synchronous reac- 
tance, direct axis. 

xa’ = three-phase line-to-neutral transient reactance, 
direct-axis. 

ta” = three-phase line-to-neutral subtransient reac- 


tance, direct axis. 

2”, = three-phase line-to-neutral synchronous reac- 
tance, quadrature axis. 

“q" = three-phase line-to-neutral subtransient reac- 
tance, quadrature axis. 

o, and o; are the decrement factors of the armature cir- 
cuit and the field circuit with the armature 
short-circuited. 


By making a change of reference axis, and by collect- 
ing the first and second terms, the current in phase a, 
under short-circuit conditions may be expressed as 
follows: 


(B-4) 
where, 
7 
k= Gr 
era 
a= i 


*A. I. BE. E. Trans., 1930, Vol. XLIX, R. E. Doherty and 
C. A. Nickle. 
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ae a Sl ~~ FY: : 


-_~_ . oh 


sured as the displacement in the direction of 
- rotation of the direct axis of the field from the 
axis of magnetization of phase a. 


of phase a at the instant of short circuit. 
pa! == Ce 
De Sey ae ae 2 
2 La La 
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I uv 
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In the following analysis, k; is omitted. Its effect 


_ may be considered by applying it to the final results. 


To obtain the voltages generated by the interruption 


of the current represented by Equation (B-4), a cur- 


rent equal and opposite is assumed to flow in phase a, 


and the currents in phases 6 and ¢ are considered split 
_ into two components as given by Equations (B-1) and 


(B-2). It is convenient then, to calculate the voltages 
in two parts, the first part being that arising from 


F. bay Wo1, aNd %e1, and the second part being that arising 


from 7%. and i... Accordingly, the voltages across 
phases at a, b, and c may be represented as: : 


; eg = Cal ae €a2 (B-5) 
€ = C1 + re (B-6) 
Cc = Cc1 + Cc2 (B-7) 


The ik linkages of phases a, b, and c due to the 


“ eurrents 7 Vay ty, and 7., may be calculated by the expres- 

sions given by Messrs. Park and Robertson in their paper 
Since the 
neutral is ungrounded, the per unit linkages in phases 
a, 6, and c may be represented as follows, 


The Reactances of Synchronous Machines.* 


ta 


2 


co? 8 + i, c0s (2 8 — 120) 


+ i, cos (2 6 + 120)] (B-8) 


assaf 
a i Gam 


sae alee [i. cos a2 6 AON 


i, cos 2 6] 


! time (numerically equal to radians), and is Hee 


= displacement of the axis of the field from the axis. 
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To facilitate calculation let 


qi pra + Gen 
wv 3 
and 
ra’ — x 
D= 
3 
and 
oe 
Ke = a" 


By letting 7, in Equation (B-8) be equal to the 
negative of the value given by Equation (B-4), and 
letting 7,; and 7,; equal minus one-half 7,, the expression 
for flux linkages in phase a due to the currents 7,, 
7,1 and 7,1 may be written: 


(3 + ke) (1 — ke) 
Oiitkd ay peeks 


Dy mn os 6 + i cos (20+ ¢) 
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The voltage due to these flux linkages is: 


(B-11) 


¥ 34+, . 6 a 
aoe no ted sin oe (1—k,’) sin ¢ cos2 6 
= q : 
3 (=k )e ee Ont eee caer 
= sin 30 =a ne pest eels 
7 sin mice sin ( a ¢) 


(B- -11a) 


Likewise, by using Waaacod (B -9), the flux linkages 


in phase b may be represented as: 


(3-k,) 
= a 0080 + 5 


es ae 2) sin $ sin 2 Beg 
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The voltage generated in phase b due to these flux 
linkages is, 


d oi 8 (1 — k) 


in 3 0 


3+k,) . 
dt = oy, — ES"? sing + SS 5 
1— k,)?6 e 
+ Sa [eos $ — vBsin d]sin 4 0 


(1-k,’) 6 


Sais Ka) COS O3- = a oe Ae [sin ¢— 4/3 cos $] cos 2 0 


(1-k,)? 6 


ae 
—— (1—k,)cos 3 6+—, ,_ ak, 


[sin 6+ +/3cos d]eos 4 0 

(B-12a) 

Also the flux linkages in phase c by the use of Equa- 
tion (B-10), may be ar uate as, 


—3—k —k, 
ee oe 8 a), gay eens 8k, oT ene 
(1 ka) (1 = k 4)? es 
_ 3 06——>, [cos $+ 4/8 sin dlcos 4 6 
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ae eer & Wh ys reek 


(1-k,)? 6 


oe cyan 3s 0 i6k, [sin ¢— 1/3 cos d] sin 4 6 
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+ 8k, dcosg@— 16k, 6 cos @ 
Bs A Neh cing (B-13) 


The voltage in phase c due to these flux linkages is, 
therefore, 
d Wer & 

dt — Vol 


(I>k,)* 0 
adh, 


Z4k 3 
ati wee ® sin 0+ 1 — k,) sin3 6 


[cos 6+ 4/3 sin ] sin 4 ga 3 (1—k,) cos 0 


(l1-k,?) 6 


r+ 7, _ sin $+4/3 cos eos 2 Bree k,)cos3 0 


oN $ — +/3 cos $] cos 4 8 (B-13a) 

oe to Equations (B-12) and (B-13) there is a 
difference between the flux linkages in phase 6 and the 
flux linkages in phace c. The second components of 
current in these phases must be of such magnitude as 
to give rise to equal and opposite differences in flux 
linkages between phase 6 and phase c. The total 
voltage across phases b and ¢ is obtained by differentiat- 
ing the sum of the two components of flux linkages in 
each phase. 
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The currents 7,2 and 7,2 must be of such magnitude 
as to give rise to a flux difference between phases } 
and ¢ which is equal and opposite to the flux difference 
¥v1 — We1 Which is obtained by subtracting Equation 
(B-13) from Pveree (B-12). 


va 


Yo- Ve = ~Fa- k ¢)eos @ sin n2 6 


ie Bat x —k,)? 5 [sin(4 8+9)] 
- a a 5 sin (B-14) 


If the second components of flux in phases 6 and c 
due to the “circulating’’ components of current, are 
represented by ws. and ¥.2, the relation between the 
differences in fluxes between the phases b and c due to 
the two components in each phase is, 


Yo1 — Wei = — (Woo — Wer) (B-15) 


‘Referring again to Equations (B-9) and (B-10), 
the flux linkages in phases b and c due to the circulating 
current, may be determined by setting 722 = 0, and 


ty. = — 4-2. Thus the expressions for Yo: and y,» are, 
ore a : 
Yo =— 3 A t52 — D to {cos (2 6 + 120°) — cos 2 8} 
(B-16) 
3 \ ‘ 
Yeo = + oA 1x2 — D ix. {cos 2 6 — cos (2 8 — 120°)} 


(B-17) 


Likewise, by Equation (B-8), the flux linkages in 
phase a due to the second component of current in 
phases b and c may be represented as, 


vo. = — V3 Dinsin2 0 (B-18) 

The difference in flux linkages in phase b and ¢ due 
to the second component of current is: 

Yo— Yeo =I {—-8A+38Dcos20} (B-19) 


By referring to Equation (B-15), it is obvious that 
the right-hand member of Equation (B-14) is equal to 
minus the right-hand member of Equation (B-19). 
This relation may therefore be written, 


V8 4g V3 6 
4k, 
+= (-k — )?dsin (40+ $) 
2 (1 — k,)? . 
— V8 Oo" ging = in [8A — 8D e082 6) 
q 


(B-20) 


Equation (B-20) will be solved by letting 7,2 be equal 
to a Fourier series and solving for -the coefficients. 


iyo = Beers + Decent 
By substituting ‘arte (B-21) i in Equation (B-20) 


the following sets of equations are obtained by equating 
coefficients of corresponding terms. 


(B-21) 


; 


{ The constant term, C, is: 
4 73 elie a) 
: = — Yo. +__* Re 
] 24 A ka no IF (B-22) 
4 The coefficients of the sine terms are: 
’ sin @: 
Bye 3 3 
. - ae D) B, - Sere 1— k,) 
; 2 4 . | 
: ; (B-23) 
p sin 2 ¢: : 
f, = 
. 3AB.— 5 DB. = - V3 1 bcos . (B-24) 
: ae Ae ee 

sin 3 0: 
if) ; ate ie , 
. a vaaty oe § pp - Baty (B-25) 
’ ; : 
sind 8 
4 Bete: 7 Pm mL Lag, Wy gh > pe nee Pe: a 
‘ = Roar arate Bs tao DB, 8 - a). 0 Cos @ 
Sie sy, (B-26) 
-sinn 6 (n > 4): 
; = oP Bo-a +38AB,— 9 D Bens) = 0 (B-27) 
; 
, The even coefficients B of the sine terms are zero, 
: = and the odd coefficients follow the relation, 

ie Hee lhe Rleuky a 
ete rs Mle eck hs 


Substituting the relation (B-28) in Equations (B-23) 
B-25), these equations may be solved simultane- 
sly for B, and B;, which are, — 


a 


-avea-t eae earaie: 


Bi ESE ae ae 9D? 
= (B-29) 
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Likewise, by equating coefficients of the correspond- 


_ ing cosine terms, the following relations are obtained. 


cos @: 
3 Moo 
(34-5D)a-5DC,-0 (B-33) 
cos 2 @ 
3) 
cos 3 6: 
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8A C3— 9 DCs = () (B-35) 
cos 4 @: 
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(B-36) 
ener 
3 3 
— 9g DCm» +3 AC, — FDC ain = 0 _ (B-37) 


The odd coefficients of the cosine series are zero and 


_ the even coefficients are satisfied by the re 


relation, 


Con+2) i = kee 
C, wsdl etl —akey 
‘ Substituting Equation (B-38) in Equations (B-34) 
and (B-36), and using the value of Cy in Equation 
(B-22), Equations (B-34) and (B-36) may be solved 
‘simultaneously for C. and C,, as follows, 
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or 
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+ sin2 6 > B,. sin n, 0 + sin 2 0 SS Cre COS N 4] 


Ne =O 


No=1 Ne =2 


(B-42) 
where M, = odd term 
and nN, = even term 
But since, 
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Equation (B-42) may be written as follows, so that, 
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Re =O 


Ccnex2) Sin n, O 


is SS Senn See! sin n, Of SS 9 : 


Ne =4 Ne =0 


Ne =O 


(B-43) 
The voltage induced in phase a due to the flux link- 
ages caused by the circulating current is, 
d Wa2 
dt 


= @4. = — 3 D([2C, cos 2 8 


No =O 


No : 
+ 2 B.cos4 6— SS o3 B cno+2) SIN No O 


Ng=-—1 


Ne =O Ne =c 
No : Ne 
+ Seer: Bono-2) SIN No 0 + > ros C'(ne-2) COS Ne O 
No =3 Ne =4 


Ne =0 


Ne 
On C (nex2) COS Ne 6 | 
Ne =0 
Equation (B-9) may be used to obtain an expression 
for the flux linkages in phase 6 due to the circulating 
current in phases 6 and c. 


(B-44) 


as = A[C. + Bisin2¢ 


No =O 


+ >) Bro sin me 6 + > c..cosm. 6 | 


No =1 Ne =2 


Ne =O 


Ro =O 


+> 5) ~ D(C. + B.sin2 6+ >) Bro sin n. 6 


No =1 


8 plc, 


Ne =O 


+ S C..cosm. 8 | cos 2 6+ 


Ne =2 
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No =O 


+ By sin 2.6 + > Bro sin n, 6 


No =1 
Ne =O 


ao SS Cne COS Nz 6 | sin 2 0 
Ne =2 
By expanding Equation (B-45), the following ex- 
pression is obtained, 


(B-45) 


No =O 


3 
vee Pease et S B.. sin ne 6 


No=l 
Ne =O 


+ S Cu cos, 6 | a = D[ Cycos2 6 
Ne =2 
B, sin 4 6 ee 
ee + cos 2 0 >) Bro sinn, 0 
No =1 
+ cos 2 0 D> Ciecosm 6 | + 3 plc sin’ 2G. 
Ne =2 
B, Bs cos 4 6 emi, 
5 5 + sin 2 0 SD Bro sinn, 0 
No =1 
+ sin 2 6 >) Cre cos ne | (B-46) 
Ne =2 


Equation (B-46) may, by the substitution of trig- 
onometric identities, be written as follows, 


3 ; a 
Yoo = — Ss + B,sin2 6 + DS) Boosin n, 8 
No =1 
+ —— D| C.cos2 
Ne =2 
== ~ sind 6+ See Buc sin n, 0 
No =3 
Se) = Oe 
+ ie ae sin n,@ + sk oes ae ae cos nm. 6 
No=—1 Ne =0 
se SEE 9 |+ 8 plc ano e 
2 € 2 0 
Ne =4 
B B, aM Bis 
= — 5 cos4 0 + SS ee COS N, 8 
No=—1 
ate fre: ean se 
ON ee en cos nN, 8 + Die =e sin n, 0 
No =3 Ne =4 
CS ee 
_ > Hs sin 8 | (B-47) 
Ne =0 


The total flux linkage in phase b may be represented 
by (Wo1 + ¥s2), or equal to the sum of the flux linkages 


y Brreeriad by Equations (B-12) and (B-47). 
~ the total flux linkages in phase b are, 


em (- 3 — ke 
ie ee 0+ Oo 5 ain gin 6 
elk.) 1 — k,)? 
“Ss oie cos 3 6 — re 6 cos ¢ cos 4 0 
Peel ok. 
petet sin ¢ sin 4 0 oe) AS 0 
Be Rew Bi 
+ 8 ya.en401 aos Fit on No O 
; No=-—1 
: . tom B Ne =O C 
a Sk Se ee cos N, 8 + > ee > sin n, 0 
“a No =3 Ne =4 : : 
4 te =O 4 ’ 
Br EU tsa) «a, | (1 + &,)? 5 | 
— Bi 2 sinn, @ | + 8k, cos 
E ewe" | (B-48) 
since, 


3 . 
uP Cae 2) wus 2 i Gieks aad. C (net2) | cos 4 6 


g ‘ 
> ’ 
Bite by Ee 3 
5 aa 

P 

: ih 

: 


Zk 
= ae ic ke an sin ¢ cos 4 0 (B-36) 
” -3 | rf . oF = Das ey : Qe 4 
es. [SAB4 7 DB-7 ap sin g-~* (1—k,) sin 0 
+ = 9 ae : 
Sahai j . (B-23) 
ZA es =— as ae ie. ke) 6 cos ’ sin 2 ” 
| ie ote (B-24) 
Bete BS ane 
7 ~ ve ie = oie dl — fy) = 3 0 (B-25) 


eer (1 — k,)? 


: 16k, dcos pain 46 | 


(B-26) 
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The total voltage induced in phase b is therefore, 


dy 3 + 1—k? 
te on Cate nO + Fe 5 sin cos 0 
Oey ey ie (Vk) 
+ —— 3 sin 30 FO sin, (48 Fo} 
eer tt ane aaa 
BOAT 5 fe DS = Binsin 
No =—-1 
<< Ne “he 
+ >, gq Bino-» sin 2, 0+ > Cine cos 0. 8 
No =3 Ne =4 


Ne 
are C (nes-2) COS Ne O | (B-49) 


Ne =0 
The voltage induced in phase c may be determined 
in a similar manner and will be found to be equal to 
that induced in phase 0b. 
The total voltage induced in phase a will be, 


dba ava d War 
diy ge or dt 
_ By adding Equation (B-1la) to Equation (B-44), 
the following expression for the total voltage in phase 
a is obtained. 
da (3 + k,) 


(B-50) 


3 (1 


ie say A ei sin 9 — 9 sin 3 0 . 
i 
6(1—k,)? . 
_  2ae sin 6 6+ ¢) 
6 : = ae ay 
et Bhi i Ee ee ; 
No =2 ! i 
_25 D Brcos4 Dl >= F Besorn sin ne 0 * 
: Boe 
+ Se 2 ie ») Sinn, 0+ pret os Cones cos ne O 
No =3 on ai: me 


— S 2 Me ai bs cos Me 


ne =0 
The total vol 
ference 


ait Sa. rt 
+5 v3D[ SS 9 Binoy) Sin Mo O 


No=-—1 
No =O 


= Bine- 2) sin No §— oe c. Coes 2) COS Ne 6 


Ne =O 


ay 
No =3 fate Ne =4 
Ne 
a > a C (net-2) COS Ne 9 (B-52) 
Ne =0 


To facilitate calculations of recovery voltage magni- 
tudes for various values of k,, it is convenient to con- 
vert all coefficients into functions of k,. The terms 
DC), and the product of all coefficients by the term D 
may be expressed as functions of k,. Thus the follow- 
- ing substitutions may be made in Equation (B-52). 


. eGR AO nets eal =e 
ir aise mano 1 ok ee 
(B-53) 

DB Bile 


1 
(1 + k,) — 3 (— ha) (m= 1) 
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Ng =O 


> 


No =3 


0 . 
2 Tovey sin No 6 


Ne = © 
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Ne =4 


C’ (ne-2) COS N, O 


Ne =O 


“te Sa 5 C' (ne+2) cos n. 6 | 


Ne =0 


(B-59) 


An inspection of Equation (B-59) reveals that the 
recovery voltage magnitude depends in part upon both 
the angle 6 and the angle ¢. Since we are interested in 
the values of these angles when the current in phase 
a is zero, the relation between @ and ¢ is obtained 
by equating the expression (B-4) to zero, and solving 
for the values of @ corresponding to various values of 
o. Fork, = 1.5, 2.0, and 2.5, there are two values of 6 
for every value of @ considered. 

Figs. 27 to 80 inclusive are families of curves of 
recovery voltage magnitudes plotted against the 
angle @ for various values of k, and 6. Equation 


V/ 3 [ 4 ( am =) +2 (azz 2 - ‘) (l1—m)— (1+ m) | (B-59) was used in the solution for the recovery voltage 
1— k, 7 magnitudes. - 
(B-54) 
wae 1 — k,)? cos 
DB; = By’ z (B-56) 
eo es 1+k, \ Cask; ; 
va[ 4( 42) 42(4 ee as ee 
Cnet. V3 6 sing (= ky)*( ka) ee) ee 
ve 12k, (41 +h)*—2(— k,4 A +k? 80—k,)? +k) + d—ky? dk, 
(B-57) 
2/356si 1— k, 
D C, = C,' = wae osm g ( ) (B-58) 


Se le 


By making the above substitutions the expression for 
the total voltage across phases a and 6} or a and ¢ 
becomes 


Reve 


d Wa d Wace . 9 2 
as a7 te (3 + k,) sin g—- (1 —k,)sin38 0 
3 — bk) 3(-—k?).. 
mete dsin (40+ ) — Ape 6 sind 


+3V8C0' | cos2 6 - 3 ./3 B’.cos 4 0 


No =O 


al Se 


no= —1 


See (no+2) SIN M510 


pena EEO ig ae py eM om 


SS ye4y2 
one te a bi | 


For values of k, other than k, = 1.0, and when 6 
does not equal zero the angleseparating the two pointsof 
zero current is different from 180 deg. Theslope of the 
current curve is different at the two zero points. There- 


fore, two different values of recovery voltage occur 


for each combination of ¢, 6, and k,. 
When the armature transients have died away: 7. e., 
when 6 = 0, the two oa of e are independent of d 


and are both equal to > = ky the value given in the body 


of the paper. For values of 6 other than zero, one set of 


3 
values of e is uniformly below Pu The other set of 


Mareh 1931 


values, however, is above > ky for values of ¢ between 
approximately 40 deg. and 90 deg. 

Unless the breaker is timed to clear the circuit at a 
specific current zero, it may choose the zero associated 
with the lower value of recovery voltage. Thus the 
circuit may be more easily interrupted before the arma- 
ture transients have died away than afterwards. 

If the breaker is timed to interrupt:at a specific cur- 
rent zero, however, its duty will be somewhat more 
severe for certain values of ¢ when the direct-current 


‘ ® - DEGREES 
Fig. 27—VALUES oF RecoveRY VOLTAGE AS A FUNCTION OF 
# AND 5 FOR A THREE-PHASE SHORT CIRCUIT FOR WHICH ky = 1.0 


¢ = Displacement angle between the phase axis and the direct axis of 
the rotor at the instant of short circuit 


_ Percent displacement at the time of interruption 
Per cent displacement of initial current wave 


component and the even harmonics are present than 
after they have vanished. 


Appendix C 


This appendix calculates the magnitude of the 
recovery voltage appearing across the circuit breaker 
terminals of the first phase to clear of a purely reactive 
three-phase grounded short circuit after the d-c. com- 
ponent and the second harmonic have decayed to zero 
for a synchronous machine. 

The calculation follows: 

The phase opening first is designated phase a, the 
others being, in normal sequence, b, and c. The cir- 
cuit is, therefore, that of Fig. 25. 

At the time when the current in phase a is passing 
through zero, that phase is in line with the quadrature 
axis of the machine. 

The negative currents arising in the three phases 
upon interruption of current in phase a may be set 
equal to 7,’ t, 7,’t, and 7.’t respectively for a short 
time following the instant of interruption, ¢ being 
measured in. electrical radians from the instant of 
interruption. 

Hence, flux linkages arising from the negative cur- 
rent are 


2 
Va = ga" [ba’ + Go’ + 10’) cos 120°] t 
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2, 3 2 45" Sie te 
= zurt(ie-t2* ) (C-1) 
2 ; , 
¥a = @ ta" t [ta' cos 90° + 44’ cos 30° + 4.’ cos 150°] 


1 ees 
= —= 27" t (te? a ee) 


V3 (C-2) 
Lot. ; ' 
Yo = ~_” (ba! + te’ +4’) (C-3) 
From these, 
vs = ¥, cos 120° + Wa cos 30° + yo 
Hae t F 1,’ Sia a3 a’ t : 7 
Se apps oe te 
Lot ¢ : 
3 (Gq +t’ + 4,') = 0 (C-4) 


60K 
P - DEGREES 
B 
28—VALUES OF REcovERY VOLTAGE AS A FUNCTION OF 
¢ AND 6 FOR A THREE-PHASE SHORT CiRcuUIT FOR WHICH k, = 1.5 


Fig. 


@ = Displacement angle between the phase axis and direct axis of the 
rotor at the instant of short circuit 


_ Percent displacement at the time of interruption 
Per cent displacement of initial current wave 


and, 
yo = w, cos 120° + wacos 150° + yo 


ret (ae anes) weet rv i 
=— 3 te = 2 onal 2 (ty — 40’) 


Zot : : 
3 a + Os + v2") = 0 


-f (C-5) 
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y, and y, are set equal to zero because these two 
phases are short-circuited and hence can build up no 
flux linkages. The equality holds for all values of ¢, 
hence the ¢ may be cancelled from the third members 
of Equations (C-4) and (C-5). In subsequent refer- 
ences to these equations, therefore, t will be considered 
cancelled. 


Subtracting (C-5) from (C-4) 


ork (a,’ as ORG = ( (C-6) 
whence iy’ = 4,! (C-7) 
Substituting (C-7 in (C-4) 
Bader F Lope : 
— =x ie! — ts!) + Zo Ge! + 20’) = 0 (C-8) 
ba’ (to — %q") + ts! (20 +24") = 0 (C-9) 
Aplin pee eae 5 
to =ta 4 ae 2 xo (C 10) 
Now Ya = ¥,cost— wasint + Wo (C-11) 
Whence, whent = 0, 
dv. dv _ d Yo 
26 Babee hs Mag aa toning (Sard) 


d 
At timet = 0, the values of a may be determined 


by substituting in (C-1) from (C-7) and (C-10) and 
differentiating, 
vais seen from Equation (C-2) to be equal to zero, 


d 
and — may be determined by substituting in (C-3) 


from (C-7) and (C-10) and differentiating. 
Performing these operations: 


x,” — Xp ) 


2 wed 
=> 2," te Poe 


pote Slt 3 


Lo 


ue Lq" — Lo 
3 ta (1+2 


2q" +220 


ue ) (C-13) 


2 Arid Lo 


; ( 38 a2! fen Lo 
5%) SS =) SS 
Bite te i aro 


eee 2an, 
(C-14) 


But e, is equal to e, the circuit breaker recovery volt- 


OH Lo ) 
Lq” + 2 xX 


age, and7,’ = k; se where E is the voltage existing 
before short circuit at the point under consideration. 
Hence 


oles 


OTs (eet + 2) 


(C-15) 


This equation may be written 


ge keer. &.. EE, (C-16) 
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Where 
Nef. at Babe C-17 
scat e fo ( or: ) 
and 
San 
ky = ” (C-18) 
Sa 


The substitution of s,” and sq” for x,” and xq” respec- 
tively in Equations (C-17) and (C-18) makes these 


BORGES 
a a 
30 60 
® —- DEGREES 

B 


Fie. 29—Vaturs or Recovery VOLTAGE As A FUNCTION OF 
¢@ AND 5 FOR A THREE-PHASE SHORT CIRCUIT FOR WHICH ky = 2.0 


¢ = Displacement angle between the phase axis and the direct axis of 
the rotor at the instant of short circuit 


_ Percent displacement at the time of interruption 
Per cent displacement of initial current wave 


6 


equations suitable for use at any point on a transmis- 
sion system or network. 

The use of EF’ as the voltage existing before short cir- 
cuit neglects the effect of load current flowing previous 
to short circuit. The effect of load current is usually 
quite small, but it may be approximately taken into 
account by increasing the value of # in the ratio 
of the vector sum of load current and short-circuit 
current to the short-circuit current. 


Appendix D 
This appendix calculates the magnitude of the re-. 
covery voltage associated with the first phase to clear 


Ye ree = 
oth j de See (eS ipl 


of a two-phase-to-ground short circuit after the arma- 
ture transients have died away. 

The method of calculation is as follows: 

1. The flux linkages for the two short: circuited 

} _ phases are set equal to zero, Park and Robertson’s 

equations for these flux linkages being used. This gives 

; two simultaneous equations which may be solved for 

the two currents. 

} 


 — DEGREES 
B 
7ALUES oF Recovery VouTace as A FUNCTION OF 
REE-PHASE SHORT CIRCUIT FOR WHICH kg = 2.5 


ment etween the phase axis and the direct axis of 
it of short circuit: ‘ : 
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this negative current is calculated by setting the flux 


linkages in this other phase equal to zero. 

4. The flux linkages in the first phase due to the 
negative current in that phase and the induced current 
in the other phase are then calculated. The expression 
for flux linkages is then differentiated and values of 
angles are substituted for the time when the negative 
current is equal to zero. This gives the voltage occur- 
ring across the first phase to clear at the instant of 
interruption. 

Park and Robertson give the following expressions 
for the flux linkages of phases b and ¢ in terms of the 
instantaneous currents flowing in all circuits of the 
machine: 

Y, = Iacos (6 — 120°) — I, sin (@ — 120°) 
ta +15 +t te Lace . tte) 
aa ec Soh at giles (i Bia 


La 


= =" fi, cos (2 6 — 120°) + i, cos (2 6 + 120°) 


3 
+ 7, cos 2 6] 
y. = Iacos (8 + 120°) — I, sin (6 + 120°) 
ta ily ie Va ean (i ett) o 
— Lo 8 ay 3 Ce 2 : 


(D-1) 


arn 2 ? 


3 [ 7. cos (2 8 + 120°) + % cos 2 6 


+ 7. cos (2 6 — 120°) ] (D=2)0 ee 
In these equations, ; 
I, and I, are the field currents in the direct and. 7s 
quadrature axes respectively, — 
Za, 4», and 7, are the three phase currents, j 
‘go is the zero phase-sequence reactance, _ ame 
aq and x, are the machine reactances in direct and 
quadrature axes respectively, and @ is the angle from 
being considered positive when the direct axis of the 
rotor is displaced from the axis of phase a in the direc- 
tion of normal phase rotation. 
Normal phase rotation is a, b,c. mr ; 
In the work that follows, subtransient reactanc 


the current variations in the 
For a two-phase-to-ground 
b and c at norma 


ty + 4 te te (5 1p ) 
pap eu 3) ek see 


(D-4) 


0 = cos (6 + 120°) — x 


La" — 2,’ 
— or cos 2 8 + 1, cos (2 8 — 120°)] 


Adding Equations (D-3) and (D-4): 


La. i Gan 


pfs be 4 
ts Reamer igs 2 Es aia as (to + 4.) 


La 


a os is cos (2 6 — 120°) + i, cos (2 6 + 120°)] 


(D-5) 

Subtracting Equation (D-4) from Equation (D-3): 
Px 4 Ud x Yv 

= /3 sin 6 — ute (iy — 4) 


— 8 Bixcos(2 §-+150°)— 4/3 i, cos(2 6@—150°)] 
(D-6) 


tems 


2%, 3 
or, 0 =— cos 6— ~~ (te + 46) - (4, + 4) 


— FE Fe His + 1.) c08 2 0 (ts — ¢.) V3 sin 2 6] 


(D-7) 


ra" + fo 


and 0 = /3sin 0— Sig Wan tea) 


" y u 


+3 “(is +i.) sin 2 0-4 =e (is — 7.) cos 2 6 


(D-8) 
Segregating terms involving (7; +7.) from those 
involving (2; — 7,): 


= ra” +2," ¢3" — x." 
Gs +iy[ - ee Sue 


+ is 4.) “et —g sin20=cos8 — (D-8) 


, Tl Fit eer ey ta" er 
(ty + 1) Gorrene sin 2 9 | + (45 — 1%) SS 


fs" — ihe" are 
++ “9 cos2 | =— 8 sin 0 (D-10) 
Solving for (7, + 7.): 
2 ” " eee ” 
(is + 1%) [ - = — FE ae Tt Fe a5 2 @ | 
” ” wn Ne WE 
[eee cay eee sin20| 
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La eee —2X," 


=cos 9[ —"* *# 5 COR @]474S5 ain 2 8 
(D-11) 
Simplifying: 
: _ A-— Becos2 6 
(4, + 2.) UU wiser ey %q” cos @ (D-12) 
where A = a" 2" + 2_" Go + Xo Xa" 
and B = Xo (ta" — &4") 
d ; ’ _ — 32," cos 0 D 
pA eshte) > AR eos oe (De 
Similarly, 
Wer #0) 550s A IR cos De ‘Das 
Adding, 
— 32," cos 6 + /3 (%q” + 2 20) sin 0 
se 2 (A — Beos2 8) aha 
When tp = 0, 
/3 (%q" +2) sin 0 = 32," cos2 4 (D-16) 
10 
VALUES OF a 
Fie. 31—Vauuss or kg As A FUNCTION OF — AND — 
For A Two-PHAsE-To-GrouND SHoRT CiRcUIT 
/3 x," f 
or tan @ = tte one (D-17) 
Also, 
diy 
i 


3 2_"(A—Bcos2 6) sin@+4/3(A—B cos26) (21_” +220)cos0 
+6Bz2," sin 2 0cos 0—2,/3(2,"+2 2)B sin 2 6 sin 0 
2 (A — Becos2 6)? 

(D-18) 


_ Substituting the following, which are eitaiied 


¥ aie oe 


os 


Shy” = 2 Ve 8 Va" + 4" to + 2? sin 8 (D-19) 


tq! +2 = 2 v/xq" + x4" to + x0? cos 6 (D-20) 
we have - Ca 
dt, ey Vag"? + ¥q" Lo + Lo? 

Cae A—Becos2 6 Beds 


To determine the current, i.’ in ¢ induced by the 
negative current, 7,’inb, we set y. equal to zero. 


aw 1a Gl tie) ta" + 4" (; epee ae ) 
3 3 2 

| - feo fe [to’ cos 2 8 + 7,’ cos (2 6 — 120°)] (D-22) 
or : 

il -ey-aet—2y oe cos 2 9 x VB sin 2 0) | 
= ty! [ 2o— eee + eS Be cos 2 0 i (D-23) 
Ee i 

Lo — ta! ae - ee v e cos 2 6 
athe - 


(D-28) — 
"Substituting Rquadon (D-24) in Equation (D-1) 
sid are, = SE als coke SS d (— 8 cos 2 8 + vBsin2 6) 

f ve ie - = (x " _ ie oe : 

to + wa" + x4” + “St aca One ce 2 0) 
; = 
| ae aa" + %q" Peat > Sina! tog") + VE (eae vias sin 2 6 
* : om th at ba? + © our (— cos 2 0 + V3 sin 2 0) 
] . ‘ 
, ae : . a 
. woe _s é " ee (3 cos 2 0 RF, V/3 sin 2 6) 248 ee 
; ; 5 ain : ‘a ar — Xe <a a Rs ( 260 ‘ “o on, * “ 


is steno (— cos2 0 + oe sin 2 6) 


(D-24) 


6 
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ato + ta” ee ie eb ta" — %q" (es — eos 2 6+ v3 sin r4 6) 


237 


But, from (D-17), 
—cos2 40+ 3 sin2 0 
8a" — 2" — Axe" to — 442 +62," +12 2," x 
: 3 2q" + 24"2 +444" 2 +422 

205"? +22," to = 20 


z Gq"? + Lq" Lo + Xo? Saeta 


Substituting Equation (D-26) in Equation (D-25) 


and clearing of fractions in the denominator: 
2 (A — Beos2 6) (4,"2 + %_" Xo + 292) 
La” (2Lq" + Xo)? + Lo (2 %q” + Xo) (%q” + 2X0) 
(D-27) 


Yo =—1,’ 


Differentiating, at the current zero, — 


dye | : 
d t ; ez 
d-i,’ 2(A— Becos2 6) (@q" + xq" to + 20?) 

dé wa" (224" + 20)? + t0(22—" + 20)(L_” + 2 20) 
(the second term of the differential is omitted, since 
= 0) . 
d ty 2 (A — Bcos2 8) (&q" + aq" to + 0°) : 
dt xa" (2 aq” + to)? + to (22q" + 20) a” + 2%) 


~ gal (2 aq” + a0)* + Xo (2atq” + wo) (tq” + 2X0) 


‘ oe nN 


Deg - 


sre or 
(D-25) 


i 
= 
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Equation (D-28) may be applied to any point on a 
system by using the appropriate values of sz”, s,”, and 
xo in place of xa”, x,”,and x respectively. The value 
of x, can, of course, be adjusted to take into account 
the effect of neutral reactors. 

Values of k, are plotted in Fig. 29 for values of 


road as 


x, from 1.0 to 2.5 and for values of ~ from 0 to 10. 
d 


La 


The recovery voltage of phase c, upon the assumption 
that that phase opens first, may be found by a process 
similar to that here used for phase 6. It will be found 
to be identical with that of phase b. 


Discussion 


H. M. Wilcox: A similar investigation as that described has 
been under way for some time in the organization with which the 
writer is associated and it may be said that the conclusions drawn 
as a result of this investigation conform very closely to the con- 
clusions reached in this paper. One or two points of variance 
are noted which may be worthy of discussion. 

Reference is made in the paper to a series of current rupturing 
tests made on a standard testing circuit, in which the voltage to 
ground which could be interrupted by a single pair of contacts 
was approximately doubled by introduction of a shunt resistance 
of 1,000 ohms across the circuit breaker terminals. From the 
nature of the circuit used, it seems probable that this resistance 
may have been in the form of a water rheostat involving rela- 
tively large capacity to ground—large as compared with the 
capacity effect in the are-drawing space of the circuit breaker. 
Tests in which the writer participated, using a shunt resistance 
of this nature, indicated that a value of 250 to 400 ohms would 
have secured the same result, and led to the conclusion that the 
introduction of additional capacity to ground was responsible 
for the improved performance to a far greater degree than the 
actual ohmic value of the resistance used. Other tests bearing 
out this conelusion indicated that the distribution of voltage 
across the two contact breaks of a single-pole oil circuit breaker 
could be varied over a wide range by introducing additional 
capacity effect on one or the other terminal, and it was found 
possible on these tests to throw so large a proportion of the im- 
pressed voltage across one of two contact breaks that the circuit 
breaker interrupted very nearly as much voltage on one break, 
the other being shunted with a conductor, as when both breaks 
were available for rupturing purposes. From statements made 
later in the paper, it appears that the authors themselves are 
fully aware of the significance of capacity to ground in the cir- 
cuit and that the apparent difference of opinion is a matter only 
of misinterpretation of the text. 

Again reference is made to a series of interrupting tests on an 
operating system at Wissota Station. The test circuit in this 
case partook largely of the nature of a laboratory circuit in that 
the test circuit breaker was located close to the generator, prac- 
tically no transmission line being involved. The ‘‘overshooting”’ 
in voltage referred to undoubtedly accounts for the inerease in 
duration of arcing noted on these tests as compared with a similar 
series of tests at Riverside station, involving 43 mi. of 110-kv. 
transmission line, but the authors leave the impression that these 
high frequency voltages were due to certain characteristi¢s of the 
water-wheel generator at Wissota Station. In the lack of any 
parallel system to absorb oscillations, peculiarities of the genera- 
tor would without doubt produce an effect on the voltage wave 
of the test circuit, but in the light of other data it seems logical to 
conclude that the capacity to ground, unquestionably present in 
the 43-mi. transmission line at Riverside and largely absent in 
the Wissota test circuit, is sufficient to account for the absence of 
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“‘over-shooting’’ in the one ease and its presence in the other. 
In the standard laboratory testing circuit with which the writer 
is familiar, fed by a 40,000-kv-a. motor-driven generator, records 
taken with a magnetic oscillograph show overshooting up to 
125 per cent above normal frequency restored voltage. These 
voltage peaks rise abruptly at each current zero after the are 
has reached an appreciable length and have been observed to 
continue for a number of cycles before final interruption. They 
appear to be of the nature of a high frequency voltage superim- 
posed over the normal frequency wave and show oscillations of 
the order of 2,000 to 3,000 cycles, conforming very closely to the 
ealeulated natural period of a circuit of this nature. A series 
of short-circuit tests was made with a three-pole 15-ky. oil circuit 
breaker in the 250,000-ky-a. rupturing class, using this generator, 
and later a series of tests was made with the same circuit breaker 
on a large 12,000-volt cable system, over the same range of short- 
cireuit currents. The restored voltage was substantially the 
same on both sets of tests but the maximum durations of arcing 
noted on the laboratory cireuit were 40 per cent in excess of the 
maximum durations recorded on the field tests. In this ease the 
variation in performance between the two series of tests was 
accounted for by the relatively large difference in capacity effect 
between the two circuits. Other statements in the paper lead 
to the belief that possibly the authors adhere to this conclusion 
also and that the apparent difference in opinion is again due to 
misinterpretation of the text. 


From the standpoint of the circuit breaker designer, these 
fast-rising, overshooting voltages appearing within a few micro- 
seconds after a current zero, are of particular interest since they 
are of the voltages with which his cireuit breaker must contend 
when interrupting short-cireuit currents and in general are the 
only voltages the circuit breaker knows anything about. His 
design must be such that the rate of inerease of dielectric strength 
in the are path after a current zero will be greater than the rate 
of rise of impressed voltage if his cireuit breaker is to function 
satisfactorily. It is not a matter of approaching an ideal; itisa 
matter of attaining that ideal or not having a cireuit breaker. 
Various ways are open for him to secure this result. He may 
insert resistance across his breaker if he wishes—and sell it if he 
can—but, preferably, he will decide to incorporate in his design 
an interrupting medium which will be adequate to cope with any 
rate of rise of impressed voltage that may be encountered in a 
practical circuit. It may be said that the circuit interrupters 
discussed by the writer before the Institute in the last two years, 
were developed on a test cireuit which showed voltage character- 
istics of the nature described in this paper and they have proven 
themselves adequate to interrupt such circuits satisfactorily. 


D. C. Prince: The tests conducted by the Northern States 
Power Company called definite attention to the difference in the 
behavior of switches operating directly at generator terminals and 
connected to long lines. 

An even more complete comparative test was afforded by 
tests made by the American Gas & Electric Co. at Philo, Ohio, 
between June 30th and July 6th, 1930. In these tests it was 
possible to connect varying lengths of transmission line to the 
circuit breaker under test and so determine the effect of different 
lengths of line. The two upper curves in Fig. 1 give the are 
length if inches per break of a General Electric explosion- 
chamber breaker at two different values of current and over a 
considerable range of transmission line length. The curves are 
plotted in terms of caleulated recovery time; that is, elapsed 
time from the current zero to the peak reestablishing voltage of 
the system. In approximate terms the recovery time is of the 
order of 10 microseconds per mi. of line attached. It is observed 
that nearly 50 per cent reduction in are length occurs as the 
connected line is increased up to 150 mi., no further gain being 
observed after that point has been reached. 

In considering the future course of development indicated by 
these studies and tests three courses are open: 


March 1931 


1. Two types of oil circuit breaker should be provided; a 
smaller, less expensive breaker for line switching, and a larger 
more expensive breaker for generator switching. 

2. Generating apparatus should be modified to give lower 
recovery voltage rates. 

3. A switch should be developed which is not sensitive to 
changes in recovery rate within the limits likely to be en- 
countered. 
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‘Any further complexity in variety of oil circuit breakers is 
not likely to meet with favor. The second alternative means 
added expense which need not be incurred if the third alternative 
materializes. This third alternative seems on a fair way toward 
realization in the switch whose performance is recorded in the 
lower curve in Fig. 1. 

W. F. Skeats: Mr. Wilcox in his discussion asks whether 
the 1,000-ohm resistor mentioned in connection with the tests 
described in the paper was a water box resistor and raises the 
question of the effect of the capacitance to ground of such a 
resistor. The resistor used was a combination 44 wire-wound, 
90-ohm resistors arranged two in parallel and 22 in series, the 
entire assembly being hung in a vertical string near the breaker. 
It will be fairly obvious that the capacity to ground of such an 
assembly is very small even with respect to the capacitance of 
the remainder of the system. 

In this connection Mr. Wilcox seems to be somewhat disturbed 
by the fact that some tests in which he participated indicated 
that a resistance of from 250 to 400 ohms would appear neces- 
sary in order to secure the results obtained from a resistance of 
1,000 ohms in these tests. The comparative effect of any 
resistor depends probably to a very large extent upon the type 
of breaker upon which the tests are made and that while the data 
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available on this point are far from complete, it is by no means 
the opinion of the authors that a resistance which will double 
the voltage at which one type of breaker will operate satisfac- 
torily will have anything like the same result upon the per- 
formance of a breaker of any other type. Even for a given 
type of breaker, the comparative effect of a given ohmic value 
of the resistance is influenced by the voltage and current at which 
the breaker is operated, and also, to a very large extent, by the 
rate of rise obtaining before connection of the resistor. A 
relatively high value of resistance will be sufficient to produce a 
given percentage change on a very severe circuit, whereas a 
lower value of resistance must be used to produce the same 
percentage change on a milder circuit. 


It would be expected that putting additional capacitance 
across one of the two breaks would affect the voltage distribution 
to such an extent that the voltage which a breaker would suc- 
cessfully interrupt with two breaks might be but very little 
greater than that which could be interrupted by a single break. 
It is very interesting, however, to learn that this effect has been 
tested and verified by Mr. Wilcox. 


With reference to the tests on the Northern States Power 
Company system there were two factors contributing to the 
severity of the conditions at Wissota. One of these is the fact 
that the generators at Wissota are water-wheel machines, which 
are likely to have a much higher quadrature reactance factor 
than turbine-driven machines. This would increase the over- 
shooting considerably, particularly as no other source of supply 
was connected to the bus and there was no external reactance. 
The other factor undoubtedly was, as Mr. Wilcox suggests, the 
large capacitance to ground present in the case of the Riverside 
tests but not in the Wissota tests. The capacitance to ground 
however does not influence the over-shoot, or magnitude of the 
recovery voltage peak, except to a very minor extent. What 
capacitance does do is to delay the rate of build-up of such volt- 
age as does appear. The rate of voltage build-up appears to be 
fully as important as the magnitude of the voltage finally 
obtained. 


Summarizing the content of the paper, the hitherto hidden 
phenomena of recovery voltage,—the puzzling harmonics 
which have sent the voltage vibrator of the oscillograph off the 
edge of the film and the mysterious forees which have caused 
the same breaker to require an are length three times as great at 
one point of a system as at another point on the same system 
when voltage, current, and power factor were substantially the 
same,—are now subject to moderately precise calculation, and 
it can be predicted with some degree of accuracy what will be 
the performance at any point on any system, of any breaker 
whose characteristics are known. 


Power Supply Facilities for Reading Suburban 


Electrification 
BY GC. L. DOUB* 


Associate, A. I. E. E. 


Synopsis.—T he Reading Company is now electrifying tts Phila- 
delphia suburban railroad service and facilities are planned so that 
the electrification may readily be extended to include through pas- 
senger and freight service between Philadelphia and New York City, 
Bethlehem, and Reading, Pennsylvania. Contract has been made 
with Philadelphia Electric Company for initial power requirements, 
and provisions are made for enlarging such supply to serve all of the 
above territory. 


The Railroad Company is constructing substation and transmis- 
sion facilities to serve the suburban territory by a 12/24/36-kv., 
three-wire, single-phase, 25-cycle distribution system, with the view 
to serving the more remote area by superimposing 66-kv. transmission 
lines upon the initial system, at the time of future extension. The 
present and proposed system layout is described, together with the 
estimated power requirements and the manner in which the railroad 
system is to be served from the system of the power company. 


HE present program of construction for electrifica- 
tion of Reading Company lines includes only 
suburban service in the vicinity of Philadelphia. 

This includes service to Lansdale, a distance of about 
25 mi. along the Bethlehem Branch, to Langhorne, 
about 24 mi. along the New York Branch, to Hatboro, 
about 18 mi. along the New Hope Branch, to Chestnut 
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has announced that these plans will eventually include 
electrification to New York City, Bethlehem, Pa., and 
along the Schuylkill Valley to Reading, Pa. or beyond. 
Fig. 1 shows the physical arrangement of these branches. 
Electrification to New York involves Reading Company 
trackage only to Bound Brook, 60 mi. from Philadel- 
phia, from which point this company has trackage 
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Ne rights over Central Railroad of New Jersey 
for the remaining 30 miles to the terminus 
on the Hudson River in Jersey City, oppo- 
site Liberty Street, New York. Baltimore 
and Ohio Railroad trains also use Reading 
and Jersey Central trackage between Phila- 
delphia and Jersey City, and a small 
additional Reading trackage between Wayne 
Junction and Park Junction, Philadelphia, 
would have to be electrified in event of 
electrification by the Baltimore and Ohio 
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Hill, 10.8 mi., and to Doylestown, 10 mi. from 
Lansdale and about 35 mi. from Reading Terminal. 


SCOPE OF ELECTRIFICATION PLANS 


All plans and designs, however, are made with the 
view to future extension for electric operation of through 
passenger and freight service. ‘The Reading Company 

*Assistant Engineer, Reading Company, Philadelphia, Pa. 


Presented at the Middle Eastern District Meeting No. 2, of the 
A.I. E. E., Philadelphia, Pa., October 13-15, 1930. 


and 180 mi. of track electrified, including 
yards, sidings, etc. An addition of the prospective 
through passenger electrification includes approximately 
140 route miles and 380 track miles; and a further addi- 
tion of freight electrification in the same area includes 
approximately 50 route miles and 490 track miles, 
making a total for all services of 250 route miles and 
about 1,000 track miles. 
The Reading is well known as a heavy freight rail- 
road, whose traffic density per mi. of track ranks near 
the top for all roads in the United States. It will be 
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necessary to provide for electrification of a large number 
of heavy freight trains including a considerable propor- 
tion of coal trains averaging 4,200 trailing tons. The 
Reading passenger trains between Philadelphia and 
New York provide the highest type of passenger service 
and consistently run at speeds of 80 mi. an hr. or 
greater. Thé New York trains are of medium tonnage, 
carrying diners, chair cars, and club cars, but few sleep- 
ing cars on account of the relatively short distance. 
The Baltimore & Ohio trains using the same route 
include through equipment from the west and are of 
heavy weight. On the Bethlehem and Reading routes, 
the Reading provides through sleeping car service in 
conjunction with other railroads, and many of the 
passenger trains on these branches are of heavy weight. 

All of the above, together with a heavy volume of 
Philadelphia suburban traffic and the addition of freight 
and passenger switching, ete., will include all forms of 
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electric railroad service, and the power system is being 
designed with all of these conditions in mind. 

Calculations show that present loads will be about 
9,000 kilowatts and 12,800 kv-a., average for maximum 
hr. Future loads on Reading trackage in the area 
which may be fed from Philadelphia will involve maxi- 
mum-hr. loads of about 45,000 kilowatts and 65,000 
kv-a. The load factor of the initial suburban service is 
typical of that of most large cities, and will be nearly 30 
per cent. The addition of freight and through pas- 
senger trains, many of which are run throughout the 
night, raises the estimated load factor to about 60 per 
cent. The future load curve is shown by Fig. 2. 

For the electrification of the Reading, the single- 
phase a-c. system was chosen, with nominally 11,000 
volts on the overhead contact wires. The choice 
was based principally upon promoting system stand- 
ardization in this territory and at the same time 
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providing adequately for heavy freight and through 
passenger as well as suburban traffic. Actual design is 
for 12,000 volts upon the trolley. 

Main Point of Power Supply. Due to the network of 
radiating branches from Philadelphia, it was important 
to choose a main point of power supply which would be 
convenient in serving the various lines as well as one 
which would be economical and readily accessible. 
It was early determined that in case of power being 
purchased, this should be at Wayne Junction, Philadel- 
phia, which is the junction of several lines, and where 
the railroad had a considerable amount of property 
which would be available for the development of ade- 
quate system power facilities. This location is five 
miles from Reading Terminal, where the general offices 
of the company are located, together with division 
operating and dispatching headquarters. Negotia- 
tions with the Philadelphia Electric Company showed 


‘that this would be a convenient point of power supply 


for that company, being within about two miles of 
their Westmoreland substation, which has been de- 
veloped as the Philadelphia center of the electric 
company’s transmission and distribution system. 
Studies and estimates were also made on the basis of 
the railroad company building and operating a gen- 
erating station. 

The result of studies and negotiations was that the 
Philadelphia Electric Company would provide at 
Wayne Junction a 60- to 25-cycle frequency changing 
station to be owned and operated by that company and 
to supply single-phase 25-cycle power at 13,200 volts to 
the Reading Company at a single point. This voltage 
is a standard generator voltage, and must in any event 
be transformed by the railroad company. A contract 
was signed early in 1930 providing for an initial load of 
9,200 kilowatts at a minimum (without penalty) of 65 
per cent power factor, and 30 per cent load factor. The 
rates were established for initial service on the custom- 
ary basis of primary or demand charge to apply to 
monthly maximum demand in kilowatts, and secondary 
or energy charge to apply to actual kilowatt hours 
consumed. The secondary charge is subject to correc- 
tion based upon the actual cost of coal to the Philadel- 
phia Electric Company and the actual cost of generation 
of hydroelectric power, properly weighed as to the 
proportion of steam and water power produced. The 
contract is for a term of 20 years, and includes provision 
that when the railroad company loads shall reach a 
predetermined value in kilowatts and load factor, which 
would result only from through passenger and freight 
electrification, charges shall be determined upon a “cost 
plus” basis. 

The electric company determined upon a frequency 
changer unit of 15,000 kilowatts at 70 per cent power 
factor as the proper unit for installation, and two such 
sets will be installed in the initial station. These sets 
will be for outdoor installation, and will be the first of 
such installations in the country. 
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The layouts of the Philadelphia Electric and the 
Reading Company facilities are both made so that the 
Wayne Junction supply may be enlarged to a total of six 
such units with a capacity of 90,000 kilowatts and 
128,000 kv-a. The frequency changer station will be 
fed by underground 13,200-volt, 60-cycle, three-phase 
cables from the Westmoreland Station, and duct lines 
with total capacity of six 18,000-kv-a. circuits are being 
constructed between Westmoreland and Wayne Junc- 
tion, a distance of about 2 miles. Independent cables 
will be run for each present and future frequency 
changer unit, and will be fed from the duplicate 18,200- 
volt, 60-cycle buses at Westmoreland Station. This 
station is the Philadelphia terminus of the transmission 
lines from the recently completed Conowingo hydro- 
electric generating station of the Philadelphia Electric 
Company, and in addition to being served by lines from 
Conowingo (via Plymouth Meeting Substation), is also 
served by 66,000-volt underground transmission lines 
direct from: Richmond and Schuylkill Stations and 
13,200-volt underground lines from Delaware Station, 
all of which are steam generating stations of this Com- 
pany in Philadelphia. The transmission lines from 
Conowingo, moreover, tie at Plymouth Meeting Sub- 
station into the 220-kv. ring which interconnects the 
power systems of the Pennsylvania Power and Light 
Company and the Public Service Corporation of New 
Jersey with that of the Philadelphia Electric Company, 
all of which have been described completely by Institute 
papers. It is thus apparent that the supply of power to 
the Wayne Junction Substation will be of the highest 
degree of reliability. 

The Reading Company will construct its main sub- 
station adjacent to the frequency changer station, 
including transformers to step voltage up to the three- 
wire distribution system, and also step-up transformers 
for future transmission lines, together with a switching 
station for the trolley lines radiating from this station 
and headquarters for the power supervisor and load 
dispatchers. Cables will be run from each frequency 
changer set directly to generator breakers installed in 
the Reading Company Substation and then to the 
13,200-volt 25-cycle bus provided by the Reading 
Company. This bus as temporarily installed will be 
made up of three sections, one transformer being fed 
from each, and the two frequency changer sets being 
connected to the two end sections. The bus is designed 
to be ultimately a six-section ring bus, each section to 
have one 15,000-kilowatt generator (21,400-kv-a.) and 
two 8,000-kv-a. step-up transformers. Adequate pro- 
visions are made for bus sectionalizing breakers together 
with current limiting reactors and reactor tie breakers. 
The bus will be installed initially as a single-phase bus, 
but provision is made to change this to a three-phase 
bus if it should be found that this is desirable for syn- 
chronizing purposes. Present calculations indicate that 
although motors will be paralleled through two miles of 
underground 13,200-volt cable, the machines will be 
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sufficiently stable in operation that a three-phase tie 
will not be required on the generator sides to keep the 
machines in step. 

Bus tie breakers will be owned and maintained by the 
railroad company, but will be controlled by the Phila- 
delphia Electric Company operator. Generator break- 
ers will be owned and operated by the electric com- 
pany and transformer breakers will be owned and 
operated by the Reading Company. This plan is 
based upon the principle of the power company being 
responsible for maintaining an adequate supply of 
power on the bus, and the railroad company operator 
handling the power taken from the bus, considering the 
bus as an infallible source of supply. It will of course be 
necessary to arrange duplicate blocking of breakers when 
employees of either company work upon the bus or ap- 
paratus connected directly thereto. 

Provisions for Transmission Lines. The Reading 
Company load calculations show that the ultimate 
power supply can be transmitted adequately at a volt- 
age of 66,000 volts, and provisions are being made for 
the extension of two single-phase 66-kilovolt lines each in 
the direction of New York, Bethlehem and Reading, and 
southward for possible interconnection with the Balti- 
more and Ohio Railroad. 

The physical connections between the Baltimore and 
Ohio, the Reading, and the Central Railroad of New 
Jersey make it probable that it might be desired to 
interconnect the electrical systems of two or more of 
these railroads at the time of through passenger electri- 
fication of the Baltimore and Ohio or the Reading, and 
the 66-kv. transmission lines will permit the inter- 
change of a suitable block of power between these 
systems. This power requirement may be for normal 
purposes to supply the combined loads in the most 
reliable and economical manner, or for emergency 
supply when there is a deficiency of power from other 
normal connections. The layouts of the Philadelphia 
Electric frequency changer station and the railroad 
company main substation at Wayne Junction are both 
being made in such a way as to allow expansion for 
such purposes. ; 

In addition to supplying power from Wayne Junction 
for the Reading Lines as far as Bound Brook, Bethlehem, 
and Reading, which cover a radius of approximately 60 
miles from Philadelphia, it may be feasible to purchase 
power at other points near the extremities of these 
branches if this should prove advantageous. In this 
case, the 66-kv. transmission lines from Wayne Junc- 
tion to such branches may or may not be run, as desired. 

It will thus be seen that in the planning of the Read- 
ing Company power system for electrification, flexibility 
of facilities has been kept foremost so that there will be 
no limitations from the standpoint of power supply in 
the electrification of any or all of the Reading Company 
lines out of Philadelphia. Since the construction to 
Reading is not a part of the present program, there will 
remain further possible flexibility at the time of doing 


March 1931 


such construction in providing arrangements for exten- 
sions beyond Reading into Central Pennsylvania, in the 
event it should prove desirable at that time to plan 
furnishing this power from Philadelphia. The distances 
are such, however, that it may be more economical to 
obtain additional power supply from some of the utilities 
in that territory or from a generating station located by 
the Reading Company itself in the mining region. 
Three-Wire Distribution System. An early study of 
the economies and advantages of two-wire and three- 
wire (single-phase) transmission and distribution sys- 
tems of various voltages led to the conclusion that the 
three-wire system having a voltage of 36 kv. between 
outside lines would have great flexibility for the Phila- 
delphia area, would permit very simple and frequent 
substations, and would moreover be more economical 
in first cost and maintenance cost, even though ex- 
panded in the future by 66-kv. transmission lines paral- 
leling the three-wire system. This system of distribu- 
tion is used by the New York, New Haven and Hartford 
Railroad with 22 kv. between outside conductors and is 
used in a somewhat different arrangement by the Vir- 
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ginian Railway. Since the system is not altogether 
familiar to most engineers, the accompanying diagram 
(Fig. 3) will illustrate the typical connections. The 
trolley lines and rail connections are constructed in 
exactly the same manner as for the ordinary system. 
The operation of the third line, designated the “‘feeder,”’ 
from the same single-phase transformer, provides a 
voltage between trolley and feeder of 36,000 volts which 
serves as a transmission line to outlying substations. 
There is thus a voltage of only 24 kv. between feeder 
and rail, and the insulation of the feeder conductors may 
be based upon this lower voltage. 

Some advantages of the three-wire distribution sys- 
tem are as follows: 

(a) A transmission circuit is obtained by the addi- 
tion of only one wire, and this wire is at a relatively low 
voltage to ground, as explained above. 

(b) Substation transformers are simple and econom- 
ical. The step-down transformers at outlying stations 
are merely auto-transformers, which are relatively 
small in size, and connections are very simple. It may 
be noted that a 12/24/36-kv. 2,000-kv-a. auto-trans- 
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former is physically and electrically the same as an 
ordinary 12 /24-kv. 1,333-ky-a. two-winding transformer 
when one side of the primary is connected to the proper 
side of the secondary. The three-wire distribution 
system is in principle no different from the three-wire 
110/220-volt distribution commonly used for either 
direct current or single-phase alternating current. 


(c) Substation circuit breaker and switching equip- 
ment for transmission lines and transformers are re- 
duced in number and voltage rating, thus permitting 
the use of frequent substations with reasonable economy. 
For most railroads, switching stations are in any event 
required at frequent intervals for trolley lines, and these 
may be extended in a simple manner to include auto- 
transformers and feeder switching equipment. The 
frequent installation of transformers promotes economy 
in distribution similar to that which prompted the 
frequent installation of synchronous converter sub- 
stations for direct current interurban lines after the 
adoption of the automatic converter station. The 
frequent installation of transformers also reduces the 
amount of current flowing in the rail and earth return 
circuit, and thus reduces induction in nearby circuits. 

(d) Auto transformers can be designed with a lower 
reactance than equivalent two-winding step-down 
transformers, and the transmission circuit consequently 
be made to furnish a larger proportion of the power 
than otherwise. 

(e) Main supply transformers, such as indicated in 
Fig. 3 as the tapped secondary transformer, may be 
designed for various proportions of reactance between 
primary, trolley-rail, and trolley-feeder circuits, and 
distribution of current may be thus regulated within 
certain limits. This distribution of current may then 
be proportioned so as to give such resultant currents in 
the rail and earth return circuits as to reduce inductive 


-troubles. 


(f) The feeder being a single wire, and of relatively 
low voltage, a certain amount of flexibility may be 
obtained in its location with respect to the trolley and 
rail circuits, so as to tend to balance inductive effects. 
These effects are of course dependent upon the propor- 
tion of current flowing in the three conductors of the 
circuit, and must be calculated for the network under 
consideration. 

The principal disadvantages of the three-wire distri- 
bution system are that it requires more painstaking 
calculation than the ordinary distribution system, and 
that interruption of all lines in the trolley circuit also 
constitutes an interruption in the transmission line for 
all stations beyond that point, excepting such power as 
may be fed through the feeder and rail conductors at 
lower voltage than the normal trolley-feeder transmis- 
sion. The latter point must be given careful considera- 
tion in the design of substations, and in the protective 
measures employed. 

Calculations and estimates show that for the Reading 
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lines in the Philadelphia area the three-wire distribution 
system is very suitable for transmission within a radius 
of approximately 25 miles but that it would not be 
economical, and voltage regulation would not be satis- 
factory, for the starting of heavy trains beyond this 
radius. The addition of transmission lines to points 
beyond will therefore adequately take care of the larger 
territory, and this territory may be served from one or 
more central points through similar three-wire distribu- 
tion layouts fed from stations with step-down tapped- 
secondary transformers. The 66-ky. transmission line 
would thus become a very simple line between Wayne 
Junction and one outlying point on each branch, requir- 
ing the higher voltage circuit breakers at only the ter- 
minal points of the transmission lines. Manual or 
remote-control switching apparatus for sectionalizing 
and cross-tying the transmission lines at intermediate 
points may or may not be added, as desired. The 
flexibility of the layout will, however, permit any or all 
substations along the route to be fed directly from the 
66-kv. transmission lines by installing tapped-secondary 
transformers instead of auto-transformers, and adding 
the required 66-kv. switching equipment. The most 
important present stations are so laid out that tapped- 
secondary transformers may replace the auto-trans- 
formers originally installed, by making very simple 
changes and additions to the stations. This would 
occur only during some expansion of the electrification, 
at which time there would be need of additional auto- 
transformer capacity at other substations. 

Circuit Breaker Protection. It was decided at an 
early date to use the high-speed type of circuit breaker 
in all trolley circuits. Very satisfactory high-speed 
circuit breakers had been developed for 11,000-volt 
trolley lines by two American electrical manufacturers, 
and both types of breaker had been in heavy duty ser- 
vice for a considerable length of time. One available 
type was an oil circuit breaker, and the other was an air 
type breaker, but both have high ratings, and both 
perform very heavy rupturing duty for a number of 
duty cycles many times that generally specified for 
normal speed oil circuit breakers. Both breakers 
demonstrated speeds of automatic tripping in from 
one-half to one cycle of a 25-cycle wave, and while 
mechanisms were radically different, results obtained 
were very similar. Their use decreased frequency of 
inspection and maintenance, minimized burning of 
trolley lines and equipment due to short circuits, and 
greatly reduced inductive effects from the railway sys- 
tem, but the cost of either type of available breaker was 
very much higher than for the corresponding normal 
speed circuit breaker. 

The General Electric type JRA-32 air-break high- 
speed circuit breaker was selected for this service with a 
rating of 1,500 amperes continuously at 25 cycles, 15,000 
volts. It has an interrupting rating (single pole) of 
50,000 amperes at 12,000 volts, and is specified to 
perform 50 “OCO” duty cycles consecutively at two 
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minute intervals. Its principle of tripping on the short 
circuits is the so-called impulse tripping, depending 
upon the change of 25-cycle current from one-half cycle 
to the next. This scheme will be essentially the same 
as described in a paper by Mr. J. W. MeNairy, 
A. I. E. E. JOURNAL, October 1928. ‘“‘Back-up’’ protec- 
tion of high-speed impedance type relays is provided to 
take care of slowly increasing overloads and trolley- 
feeder faults. 

Circuit breakers selected, for feeder circuits are 
Westinghouse type GO-2, 46-kv., 800 amperes continu- 
ous rating at 25 cycles, and 500,000-kv-a. interrupting 
capacity (three-phase basis). They are provided with 
the recently developed deion grid break as described in a 
paper by Messrs. Baker and Wilcox presented before 
the Institute. Although of the so-called normal speed 
type, it is expected that the deion grid type of break 
will give speeds of interruption materially faster than 
ordinary oil circuit breakers. A breaker of 46-kv. 
rating was chosen in order to provide a sufficiently high 
value of insulation to compare with line insulation used 
on these circuits, and also to provide ability to interrupt 
36-kv. trolley-feeder faults. 

Breakers selected for auto-transformers and trolley- 
feeder side of three-winding transformers at Wayne 
Junction are also type GO-2 of the same rating and 
design throughout, excepting that they are two-pole 
breakers. No breaker is installed in the rail connection 
to these transformers, this being tied solidly to the 
return bus which is in turn connected directly to rails, 
ground wires, etc. 

All of the substations constitute switching stations, 
and all trolley and feeder lines are sectionalized at each _ 
substation. Circuits for each track and feeder circuits 
in duplicate are fed separately in each direction from ~ 
every substation by single-pole circuit breakers. Each 
section of line is therefore of the through feed type. In 
case of any fault from feeder to ground or trolley to 
ground, the single-pole circuit breakers at each end of 
the faulty line will operate to clear such a fault. In the 
event of a fault between trolley and feeder not involving 
ground, which will constitute a 36-kv. short circuit, 
relaying is so arranged as to trip breakers on both 
circuits involved regardless of what combination of 
trolley and feeder is short-circuited. Since the trolley 
breaker is of the high-speed type, and the feeder breaker 
is of the normal speed type, there would be a tendency 
for the lower voltage trolley breaker to operate first — 
and attempt to clear a 386-kv. trolley-feeder fault. 
This action is undesirable not only from the standpoint 
of breaker duty but in the event the trolley breaker 
should successfully open the fault circuit promptly, the 
feeder relays might not receive sufficient impulse to 
trip. The energized feeder would then be left crossed 
with the trolley, impressing 24,000-volts-to-ground upon 
any apparatus such as lightning arresters, car equip- 
ment, etc., connected to this trolley. 

To obviate this contingency special relay circuits 
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have been set up in a comparatively simple manner to 
prevent the trolley breaker from tripping until the 
feeder breaker has tripped. This is accomplished by 
using a current balance scheme whereby currents in 
feeder circuits are opposed to currents in trolley circuits, 
thus eliminating the impulse trip function of the trolley 
breaker, if the trolley and feeder fault currents are the 
same. The fault will operate an impedance type relay 
installed in the trolley circuit for back-up protection, 
which will not complete the high-speed breaker tripping 
circuit, however, until a series relay connected in the 
common wire to all feeder trip circuits has been ener- 
gized by the tripping of the feeder breaker. In the 
event of a fault between trolley and feeder involving 
ground, this will clear as separate trolley-rail and feeder- 
rail faults. It may be noted that trolley-rail faults will 
be by far the largest number, and trolley-feeder faults 
not involving ground are expected to be very infrequent. 
For fault purposes ground and rail are considered the 
same, for the ground side of insulators is the steel 
supporting structure, which is connected directly to the 
rail return circuit. 

Each trolley is fed at both ends, and substations are 
located at the terminals of all electrified branches so as 
to make any stub end feeds unnecessary. The elimina- 
tion of such stub feeds will aid materially in obviating 
induction in parallel lines. Since feeders are sectional- 
ized at each substation they are naturally connected at 
both ends in a manner similar to the trolley circuits. 


The reliability of the railroad power facilities is 
further protected by differential relay protection for all 
transformers and for all main bus sections. Since 
substations are unattended, remote electrical reset is 
provided for trolley bus tripping relays, so that an 
attempt may be made to restore service on all lines 
immediately. 

Complete transfer buses are provided for all trolley 
and feeder lines, so that in the event of a circuit breaker 
or complete bus being out of service, all outgoing lines 
may be energized through other breakers. 


SUMMARY 


The Reading Company’s initial power supply is being 
obtained by purchase at one point from Philadelphia 
Electric Company. Power is metered at 13,200 volts, 
25 cycles, single-phase, and is transformed by the rail- 
road company to serve a 12000/24000/36000 three-wire 
single-phase, 25-cycle distribution system. Auto-trans- 
former substations at various points step the 36-kv. 
voltage down to trolley voltage. 

Future electrification will be served by expanding the 
present facilities without change, superimposing 66-kv. 
transmission lines upon the present system to serve the 
greater distances. 

It is planned to receive power May 1, 1931, for testing 
of lines and trains, and to begin electric suburban 
operation in passenger service on July 1, 1931. 
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Discussion 


Sidney Withington: Mr. Doub’s estimate of 30 per cent load 
factor is of interest and is quite in line with that normally 
experienced in suburban service. This applies not only to the 
power supply but to the distribution facilities and indeed to the 
tracks themselves. If the electrification is extended to include 
passenger through service the load factor will be increased and if 
handling of freight is added, it will again be increased. In 
normal railroad operation these track facilities are available for 
handling freight when passenger traffic is at a minimum and there 
is then a desirable filling in of the valleys of the load curve if 
electrification covers all branches of operation. The very high 
density of traffic of the Reading Railroad is mentioned. It 
may be said to be an axiom in electric traction that density is, 
other things being equal, a measure of the justification of electri- 
fication. 


I should like to emphasize the importance of Mr. Douhb’s 
reference to the desirability of interchangeability among rail- 
roads of electric-motive power equipment. The multiplicity of 
“systems” of electrification toward which we in this country are 
gradually drifting, will ultimately cause a great deal of embarrass- 
ment and very careful thought must in the near future be given 
to standardization. The railroads have necessarily gone far 
towards standardizing of such items as track gage, air brake facili- 
ties, car couplers, ete., and they cannot afford to be hampered - 
in operation by the growth of a diversity of systems of power 
distribution in electrification. It may safely be said, I think, 
that standardization of this important feature will do more to 
stimulate railroad electrification in this country than any other 
one thing. 

The subject of purchase of power as compared to production 
by the railroad is of vital importance. Power companies are 
now well equipped physically to supply the needs of railroads. 
This was not the case 20 years ago. A railroad in installing an 
electrification project should expect to confine its immediate 
capital expenditures to its power distribution facilities which at 
best are expensive. The motive power can usually be purchased 
on an equipment trust basis and paid for over a term of years 
from savings. The local power supply company should be the 
organization to make the necessary expenditures for power 
generation facilities. There is no fundamental reason why the 
railroad should not purchase power from specialists just as it 
purchases let us say, its castings; few railroads operate their own 
foundries. The power company however obviously must pre- 
sent to the railroad a figure for price of power which will at least 
not be in excess of that for which the railroad can produce its 
own power, and must not burden the railroad with unnecessary 
guarantees and limitations which would unduly penalize the 
railroad in maintaining the flexibility of its supply. If the 
railroad purchases its power requirements, the power should, if 
possible, be delivered to the railroad distribution system in the 
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form (whether direct current or single-phase) in which it is to be 
used, that is, under normal conditions the power company should 
own and operate any substations facilities which may be neces- 
sary as part of the supply. 

The reliability of railroad operation depends upon duplication 
of facilities. Railroads like many other public service organiza- 
tions, must operate continuously 24 hours a day throughout the 
year, with no time out. In winter, blizzards and sleet, in sum- 
mer, lightning and at any time of the year storms may be en- 
countered; any unit of equipment may fail in service, and 
maintainers or material for repairs may be faraway. Duplica- 
tion of important items, that is the availability of an independent 
facility, is the only means of assuring continuity of operation. 
For this reason a power company’s supply with its transmission 
network independent of railroad right-of-way may be ideal. 
A wreck or a fire on property adjacent to the right-of-way may 
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cut the railroad in two and an independent supply is thus essen- 
tial to continued operation. In the case of the Reading electrifi- 
cation this is not an essential consideration for its network of 
tracks provides opportunity for ring feeders of its own. 

Mr. Doub refers to high-speed circuit breakers. Such pro- 
tective facilities, designed to quickly clear any fault which may 
occur has done a great deal to advance the art of electric operation 
of railroads, whether on single-phase or d-ce. distribution systems. 
From the very nature of the kind of operation, frequent grounds 
and short circuits are experienced in railroad power supply cir- 
cuits and these on the grounded systems are often very severe. 
Quick clearing of the fault is essential to protect the equipment as 
well as to minimize transfer of induced power to neighboring 
communication facilities. The high capacity high-speed circuit 
breakers, whether air or oil, accomplish this very satisfactorily 
and simplify operation. 


Substations of the Broad Street Subway 
of Philadelphia 


BY H. M. VAN GELDER: 


Member, A. I. E. E. 


Synopsis.—The Broad Street subway is the first step of a system 
of underground high-speed railways which is being designed and 
built by the City of Philadelphia. This paper describes the sub- 
stations which furnish power for traction at 630 volts direct current 
and for the subway lighting and signals at 4,600 volts, 60 cycles. 

The first section of the Broad Street subway required three substa- 
tions which were equipped with synchronous converters and com- 
pleted in 1928. Later, when the subway was extended, a fourth 
substation was added, but by this time so much progress had been 
made in the design of substation apparatus, particularly in respect 


to increasing the current capacity of mercury arc rectifiers and 
perfecting iron-clad high-voltage switching equipment, that a radi- 
cally new design of substation was decided upon embodying these 
types of apparatus. This substation was placed in operation this 
year. 

This paper contains a description of the apparatus and method of 
operation provided in both types of substations and indicates the 
advantages of the equipment selected. Much thought was also given 


to special operating features for safety and reliability. 
* * * * * 


INTRODUCTION 


HE construction of the Broad Street subway was 

started in 1924, the first section extending from 

City Hall to Olney Avenue, approximately six 

miles, with a half mile extension to the Fern Rock Yard. 

It was built for four tracks but only the two local tracks 

were installed. This section was placed in operation 
in 1928. 

Early in the construction when clearances of the 
tunnel were determined it was decided to install a 
traction system using contact rail distribution at a 
potential of 600 volts direct current. Power was avail- 
able from a public utility system at 13,800 volts, 60 cycles, 
three-phase, by underground transmission. 

To supply traction power for this line and the yard 


three substations were constructed, spaced about two 


miles apart, at Louden, Cumberland, and Mt. Vernon 
Streets. They were built to contain sufficient equip- 
ment for the ultimate train operation on four tracks, 
but the initial installation was only for estimated 1930 
traffic on the local tracks. The three substations are 
similar in design and equipment except for minor 
modifications to conform to the shape of the building 
sites. 


SYNCHRONOUS CONVERTER SUBSTATIONS 


The substation sites were selected just off Broad 
Street, generally in a fairly good residential district. 
As rotating apparatus was to be installed in these 
stations, considerable thought was given to the elimina- 
tion of noise so as not to disturb the neighborhood. 
The buildings were constructed without windows and 
with walls having an inside brick veneer separated from 
the main wall by an air space. The main entrances 
were constructed with two sets of double doors having 
an air space between. The buildings were located on 
corners and an areaway or space was left on the sides 

1. Electrical Engineer, Dept. of City Transit, Philadelphia, 
Pa. 


Presented at the Middle Eastern District Meeting No. 2, of the 
A.I. E.E., Philadelphia, Pa., October 13-15, 1930. 


adjacent to other buildings. This construction has 
proved very satisfactory, as almost no sound is trans- 
mitted outside of the station that can be heard across 
the street. 

With the stations designed to be enclosed as de- 
scribed, it became necessary to give particular attention 
to the ventilation of the buildings, as all equipment was 
to be air cooled and no forced draft used. Liberal 
openings, fitted with louvers, were therefore provided 
in opposite sides of the basement. These openings 


Fig. 


1—LovupEN SUBSTATION 


admit air from areaways in the side walk or between 
buildings. Large, specially designed, stationary venti- 
lators were located in the roof over the converters and 
transformers and a division wall was constructed across 
the center of the basement separating the converter and 
transformer space. Openings with gratings were lo- 
cated in the main floor opposite the shaft ends of the 
converter, as it was known that the opening through the 
bed plate of the converter was not satisfactory for 
ventilation. It will be seen that with this arrangement 
of air inlets in the basement and ventilators in the roof, 
augmented by a stack effect of about 40 ft. between the 
basement and roof, a real system of natural ventilation 
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was established. Architectural treatment for this type 
of building is well shown in Fig. 1, which is a corner 
view of the Louden Substation. 

The requirements for the ventilation system were 
calculated, based upon the heat units to be dissipated 
at 150 per cent rating of the equipment with an assumed 
temperature gradient, taking into account the stack 
effect, but without adding the ventilating capacity that 
would be obtained due to any outside wind velocity. 
The inlet and outlet openings were sized to conform to 
these calculated requirements. The experience and 
results obtained by the 1925 and 1926 Committees on 
Power Generation and Conversion of the A. E. R. E. A. 
were made use of in planning the ventilation. 

The capacity of the substations was determined from 
proposed schedules for initial and ultimate operation of 
trains on the two local tracks installed, and on two 
additional express tracks to be installed at a later date. 
Motor-generator sets, synchronous converters, and 
mercury arc rectifiers were considered in the studies for 
these substations. Rectifiers had not then been in 
service in large capacity units, and converters showed 
better economy and were lower in first cost than motor- 
generator sets, therefore converters were chosen. They 
were specified to be compound wound to give better 
regulation of the voltage in the subway as no feeder 
cables are used in parallel with the 150-lb. contact rail. 

The assumed traffic of the Broad Street subway 
showed a decided peak during morning and evening 
rush hours, lasting in each instance about one hour, with 
momentary loads during acceleration of much greater 
value, so that the problem of supplying the power for 
the traction load resolved itself into a question of 
maximum ratings. It was found that the continuous 
rating of the converter was of little importance and that 
the two hour rating would probably not be reached for 
some time in the future, hence the peak loads during 
acceleration of four and six car trains determined the 
capacity of unit required. By installing a converter 
unit having sufficient capacity for the initial service it 
required three units for ultimate operation with. four 
tracks. Provision was made in the substation for a 
fourth unit to be used asa spare. Therefore, two units 
were installed in each substation to take care of the 
initial load on two tracks and to provide a spare unit. 

At the time these converters were installed they were 
the largest 60-cycle converters built for 630-volt trac- 
tion loads. They are 360 rev. per min. and compound 
wound with slightly drooping characteristic. The 
actual ratings are 3,000 kw. at 680 volts continuously, 
when supplied with six-phase, 60-cycle, a-c. power at 
100 per cent power factor; 4,500 kw. at 630 volts for 
two hours; and 8,000 kw. at 560 volts for three minutes. 

Oil-insulated self-cooled transformers were installed 
in cells at the basement floor level. In order to guard 
against overheating for short periods of heavy load in 
excessively hot weather, when ventilation might be 
imperfect, a water coil was installed in the transformers 
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to provide partial cooling equivalent to the radiation 
required for the transformer to carry 50 per cent of 
its nominal rating. The transformers have auxiliary 
expansion tanks to prevent oxidation of the oil. 

Conventional types of brick masonry structure for 
the 18,800-volt bus and of concrete cells for the oil 
circuit breakers were installed on the main floor, or in a 
small balcony along the side of the building. Fig.2isa , 
view of the main floor of Cumberland substation show- 
ing converters and transformer cells. 

The control and instrument switchboard from which 
all circuits are operated is located on the main floor. 
The main positive and equalizer leads from the con- 
verters drop directly to the main converter switchboards 
located in the basement. From these switchboards 
the 680-volt main positive circuits run directly to the 
positive bus, thence through the high-speed circuit 
breakers to the feeder switchboard and out through the 
underground cables and conduits to the air circuit 
breakers and contact rail in the subway. The main 
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2—M ain Fioor, CUMBERLAND SUBSTATION 


negative leads from the converter run directly to the 
negative bus. Thus it will be seen that no 680-volt 
power circuits are brought up to the main floor, and 
furthermore all of these circuits are run in the basement 
by means of copper bars, no cable being used until the 
underground cables are reached. Fig. 3 is a cross 
section of Louden substation and shows the location of 
apparatus and arrangement of ventilation. 

The starting and control system for the converters, 
has some unique features which deserve a detailed 
description. It was designed for star-delta starting by 
the automatic switching of the high-voltage windings of 
the transformers; for assuring correct polarity; to avoid 
error in brush position; and to prevent closing a dead 
machine onto the bus. The sequence of operations 
when starting the converter is as follows: The field has 
to be excited from the control battery circuit, to insure 
correct polarity, before the main oil circuit breaker can 
be closed by the control switch. The closing of the oil 
circuit breaker completes the closing circuit of the star 
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oil switch, provided the brushes on the converter are 
raised. When the converter has attained synchronous 
speed a relay bridges a gap in the tripping circuit of the 
star oil switch, and this circuit is completed by another 
relay which closes at a definite value of the field current 
after the field switch has been thrown over to self- 
excitation. The star oil switch on opening completes 
the closing circuit of the delta oil switch, provided the 
oil circuit breaker continues closed. The oil circuit 
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3—Cross-SECTION, LOUDEN SUBSTATION 


breaker is trip free during the above operations so that 
full protection is assured. The d-c. switches and circuit 
breakers are electrically operated, but before the posi- 
tive switch can be closed the delta oil switch must be 
closed, brushes lowered, equalizer switch closed, and 
positive circuit breaker closed. 

The oil circuit breaker will open on over-current or 
low voltage, and, by interlock control, automatically 
opens either the star or delta oil switch and the d-c. 
circuit breaker. The d-c. breaker opens on over-cur- 
rent, reverse current, over-speed, or undervoltage, and 
on opening, opens the positive switch and the equalizer 
switch. 

A ground relay opens both the oil circuit breaker and 
the d-c. breaker on a converter flash-over. Thus it will 
be seen that many of the operations are automatic, the 
operator performing only the initial movement of a 
sequence. ‘The design also assures speed of operating 
and prevents an operator from making mistakes in 
putting a converter on the line. At the time of an 
unexpected failure of the power supply to a substation, 
the operator cleared all feeder circuits and auxiliaries, 
ordered power on again, started up the station, and 
established full d-c. feeder service in three minutes. 

Two of the substations contain transformer and 
switching equipment for the supply of 4,600-volt, three- 
phase and single-phase power for lighting and signal 
feeders, respectively. 


SUBSTATIONS OF THE BROAD STREET SUBWAY OF PHILADELPHIA 
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These three substations have been in operation for 
over two years and all equipment has functioned very 
satisfactorily. The converters have flashed over oc- 
casionally but have not averaged more than two or 
three per year per machine, and when they do occur the 
damage is slight and usually the machine does not have 
to be left out of service. The flash-overs generally occur 
at times when a heavy load is suddenly cut off, partic- 
ularly where a limited short circuit occurs which does 
not open the high-speed breaker but clears itself or is 
cleared by a subway air circuit breaker. Apparently 
the flash-overs are due to large synchronizing currents 
caused by angular displacement of the armature after 
heavy momentary load. 

One operator and a helper are on duty in each station 
at all times. 


Mercury ARC RECTIFIER SUBSTATION 


When the Broad Street subway was extended south 
from City Hall to South Street, a distance of about 
three-quarters of a mile, it was necessary to build a 
fourth substation to furnish traction power. ‘The site 
of this substation, known as No. 7 and shown in Fig. 4, 
is just east of Broad Street and south of Pine Street, 
near the southern terminus of the subway extension. 
The site is 80 by 80 ft., and permitted the erection of a 
substation having access from both Juniper and Watts 
Streets. 


4—SusstatTion No. 7 


Fig. 


The design of substation No. 7 and its equipment was 
undertaken in 1929, by which time considerable experi- 
ence had been obtained with the actual load and oper- 
ating conditions existing in the three synchronous 
converter substations originally built for the Broad 
Street subway. 

Some difficulty had been experienced with the syn- 
chronous converters flashing over under extreme load 
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variations, but this was not serious enough to warrant a 
change in the type of apparatus for this cause alone. 

In the meantime much progress had been made in the 
design, and considerable experience gained in the opera- 
tion of large capacity mercury arc rectifiers in this 
country. Two important companies were prepared to 
manufacture units for subway operation having maxi- 
mum capacities of 12,000 to 15,000 amperes. Rectifiers 
also have many advantages over converters, such as 
much better efficiencies at light loads, the absence of 
large rotating parts with their attendant troubles and 
noise, the absence of commutation of heavy currents, 
better stability under short circuits, and the simplicity 
of bringing them on the line. Therefore it was decided 
to install rectifiers in this new substation. 

Experience obtained on North Broad Street indicated 
that short peak loads would determine the capacity of 
the unit, and that these peaks usually lasted less than 
ten seconds or during the multiple motor operation on 
notching acceleration. Consequently the maximum 
rating of 300 per cent load was reduced from three 
minutes to one minute. A unit having a continuous 
rating of 4,000 amperes at 630 volts, 6,000 amperes at 
612 volts for two hours, and 12,000 amperes at 550 volts 
for one minute was decided upon. As one of these units 
would carry the initial load, the first installation re- 
quired two units, the second unit being installed as a 
spare. The building however was constructed to con- 
tain a total of four units which will provide for subway 
extensions adjacent to this substation. 

Regulation of these rectifiers closely approximates 
that of the synchronous converters in the original 
substations, thus making it possible for the two types 
of substation to be operated in parallel even on the 
extreme fluctuations of load. There will be no neces- 
sity, and it is not intended, to install converters and 
rectifiers in the same substation for parallel operation. 

Although cell structures built up of some form of 
masonry or steel have become fairly well standardized 
for high-voltage oil circuit breaker and bus equipment, 
live parts being more or less protected with barriers, 
doors, or covers, they have never proved entirely satis- 
factory from the standpoint of safety. Any accident 
or failure which occurs in such structure is sure to be 
serious from the standpoint of human life or interruption 
of service or both. There had been in use abroad and 
under development in this country for sometime a 
wholly enclosed and filled structure for bus and oil 
circuit breaker connections, known generally as the 
iron clad type of switchgear, which presented very 
attractive safety features. It was decided to use such 
equipment in the new substation. 

The incoming 138,800-volt circuits, bus, oil circuit 
breakers, instrument transformers, disconnecting de- 
vices, and connections for this substation are all con- 
tained in an armor clad bus and switchgear structure 
which leaves no live part exposed. The structure is 
filled with hard compound, except the circuit breakers 
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and potential transformers which are filled with oil, and 
the current transformers which are enclosed in a cham- 
ber filled with petrolatum. All cable leads to and from 
the armor clad structures are lead covered and wiped 
permanently to potheads which form a part of the 
structure. One feature of this structure is that all 
relays and connections are self-contained and mounted 
on the various switchgear units. Each armor clad 
structure is completely built and assembled in the 
factory, and no masonry structure is required in the 
station except for foundations. Consequently the field 
erection is comparatively simple. The main 13,800- 
volt, three-phase bus and circuit breakers are shown in 
Fig. 5. 

The rectifiers are water cooled and the transformers 
are self-cooled, so that in the layout of the station 
building, which is located between two streets and with 
an areaway on each side, a central rectifier hall was 
provided and a separate transformer cell located in each 
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of the four corners of the building. By this arrange- 
ment each transformer cell has an opening on two sides 
and a large roof ventilator at the top. One of these 
openings contains adjustable louvers and the other has 
a vertical lift door giving entrance from the street. 
This provides natural ventilation from two directions. 

As there is practically no noise from the equipment 
of this substation no special precautions had to be 
observed regarding sound-proofing and no special 
ventilating probléms were encountered except in the 
transformer cells as described. 

The rectifiers are double six-phase, contain 12 anodes, 
and have automatic a-c. ignition and excitation, auto- 
matic water control, and an indicating vacuum regu- 
lator which cuts the rotary pump in and out at predeter- 
mined vacuum points, and also cuts the rectifier out of 
service if the vacuum falls below a predetermined value. 
Thermometers with electrical contacts also provide 
thermal protection for the rectifiers. The installation 
of rectifiers and their auxiliaries is shown in Fig. 6. 
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The water for cooling the rectifiers is taken from two 
city mains, two sources of supply being used to insure 
continuity. Due to the relatively light continuous 
loads and the prevailing low cost of water, it was found 
to be cheaper to waste the water than to provide cooling 
equipment for recirculating it. 

Hach rectifier has a static mercury vacuum pump and 
two rotary oil vacuum pumps, one of which is a spare. 
This spare pump was specified as an extra precaution 


Fic. 6—Main Ftoor, Supstation No. 7 


against failure of the one piece of rotating apparatus 
included in the unit. It has been found that the rotary 
pump does not operate more than 25 per cent of the 
time. 

The subway d-c. power load, a graphic chart of which 
is shown in Fig. 7, is of such a fluctuating character and 
has such a low sustained value that it was found of little 
use in forming or baking out the rectifier. In order to 
furnish a continuous load for this purpose a water 
rheostat which will absorb 1,200 amperes has been 
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Fig. 7—Typicau Suspstation Loap or BRoAD STREET SUBWAY 
installed in one of the areaways outside the substation. 
This rheostat may be operated in parallel with the 
traction load. If necessary the rectifier can be operated 
six-phase or three-phase at times of bake-out, thus 
increasing the current per anode. 

An operating office was provided in the substation on 
the same floor as the rectifier hall. One side of this 
office consists of the main control switchboard from 
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which all apparatus in the substation is operated and 
controlled. All other switchboards and all 630-volt d-c. 
circuits are located in the basement, following the same 
general design as for the converter substations, except 
that a single rectifier switchboard was used instead of 
separate converter panels under each machine as in the 
other substations. 

The d-c. connections from the cathode of the rectifier 
pass directly through the floor to the rectifier switch- 
board. This board contains a remote-controlled posi- 
tive switch and a special quick-acting circuit breaker 
for each rectifier, with auxiliary switches and inter- 
locks, so that when the 13,800-volt oil circuit breaker of 
the rectifier unit is closed, all other functions of starting 
up are performed automatically; the operator has then 
only to close the positive d-c. circuit breaker control 
switch to bring the rectifier on the bus. 

The four neutral connections of each main trans- 
former are carried to the basement through wall ducts to 
its interphase transformer located immediately ad- 
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jacent to the negative bus. The neutral lead of this 
interphase transformer, which forms the negative 
connection of the rectifier unit, is connected to the 
negative bus. 

The layout of the 630-volt d-c. buses, high-speed 
circuit breakers, feeder switchboard, and outgoing 
positive feeder cables is the same as in the other sub- 
stations. Fig. 8 shows the rectifier switchboard and 
high-speed circuit breakers. 

This substation also has the station auxiliary switch- 
board in the basement with the principal operating 
circuits controlled from the main control board. The 
control circuits of the substation are supplied from a 
125-volt storage battery. The auxiliary a-c. circuits 
for the rectifier units have three sources of supply 
to insure continuity of service: an auxiliary station 
transformer supplied from the 13,800-volt main bus, 
and a second auxiliary transformer supplied from either 
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of two 4600-volt lighting feeders entering the substation 
from the subway and supplied from different substations 
of North Broad Street. 

There has been no signal or telephone interference 
experienced due to the operation of this substation. 
Telephone circuits in this district are carried in under- 
ground cables. 

This substation was placed in regular operation April 
20, 1930, and up to the present time the equipment has 
functioned quite satisfactorily. During early operation 
a few back-fires occurred, doubtless due to insufficient 
baking-out of the rectifier before heavy overloads were 
carried. However, no damage was done, and now loads 
of 10,000 amperes are taken by one rectifier. 


Discussion 


Sidney Withington: One of the striking points touched 
upon by Mr. Van Gelder is his reference to the fact that the 
mercury are rectifier supplanted the rotary converter in his more 
recent substation design. The development of the rectifier for 
traction purposes has recently been relatively rapid. This rapid 
development has been indicated especially in the electrification 
of the Cleveland Union Terminals and D. L. & W. Hoboken 
suburban electrification. These two projects both employing 
3,000 volts direct current for distribution were inaugurated within 
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a short time of one another. The Cleveland Terminal design is. 
based upon motor-generators and the D. L. & W. upon mereury 
are rectifiers. The few weeks intervening mark developments of 
vital consequence in the use of the static rectifier for 3,000-volt. 
service in this country. 

The growing use of the mercury are rectifier for railroad work 
is making increasingly desirable a logical method of rating which 
will recognize the fundamental thermal and other load character- 
istics of the rectifier as compared with rotating apparatus. Mr. 
Van Gelder’s load curve shows clearly the disadvantages of the 
present standard method of rating. It is to be hoped the work of 
standardizing the rating which has been undertaken by the 
Institute under the auspices of the American Standards Associa- 
tion will shortly be completed so that it may be adopted by 
manufacturers and railroads. 

H. M. Van Gelder: Our units all have a 300 per cent rating 
for one or three minutes, given in detail in the paper. This is 
essential for the peak loads carried by these substations, and is 
the only rating which limits the use of the equipment, the con- 
tinuous and 2-hr. rating not yet having been reached. With 
reference to a standard rating for this type of railway equipment 
it does not seem practicable to me to use the same standard for 
different classes of load. Where small train units are operated 
at frequent intervals; resulting in a fairly steady base load, a 
maximum rating of 200 per cent might be sufficient. Ontheother 
hand, with a 2-track high-speed line moving heavy train units at 
longer intervals, the only rating required would be a maximum 
rating of 300 per cent, or even more in some eases. 
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N account of a combination of factors, Philadelphia 
has been obliged to take several steps in the 
matter of utilizing railroad rights-of-way for 

electric power transmission purposes and has probably 
made a further advance along these lines than any other 
city in this country. 

While the same factors and their relative importance 
may not be operative in other localities, it is probable 
that in the immediate vicinity of any of the larger cities, 
there are, or will be in existence, a combination of 
circumstances which would make the utilization of 
railroad rights-of-way for electric power transmission 
purposes both expedient and essential. 

It is felt that the results obtained in Philadelphia 
have been highly satisfactory and beneficial to both the 
railways and electrical industry and that wider knowl- 
edge as to the general features should be of interest 
to others. 

In order to make the situation clear, it will be well to 
review the various factors involved and to briefly trace 
through several stages of the developments. 

Philadelphia is located on a peninsula formed by the 
junctions of the Schuylkill and the Delaware Rivers. 
To the south of the Schuylkill River there is an indus- 
trial development which extends through the City of 
Chester and Marcus Hook to the State of Delaware. 
West of the Delaware River there is a section of con- 
gested urban development from one to six miles deep 
extending for about twenty miles along the water front. 
Back of this strip is an area of suburban and semi-rural 
development which forms a belt probably some twenty 
miles deep and extending from the vicinity of Trenton 
to the Mason-Dixon Line. (Fig. 1). 

The main steam plants of the Philadelphia Electric 
Company that supply this region with electrical energy 
are necessarily located along the Delaware River. A 
glance at a map of the territory would indicate that 
plants located along the Schuylkill would be in a better 
strategical location for feeding the territory. Locations 
on this river, for large stations, are however impractical 
on account of the fact that the river flow is compara- 
tively small. While the oldest station of the Philadel- 
phia Electric Company is located on the Schuylkill and 
is still in operation, it has not been advisable to add to 
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its generating capacity for a number of years and it is 
doubtful if it will ever be expedient to rebuild or increase 
its capacity. Consequently, a major transmission prob- 
lem has been to find means of carrying power into 
Schuylkill Station, to establish other points of large 
capacity supply at strategic locations, and to tie these 
up with the larger generating stations in the territory 
and with outside sources of supply. 

When we come to considering the transmission of 
large blocks of power into these urban centers, from 
outside sources, it is generally the case that the securing 
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of satisfactory right-of-way to the economic centers of 
distribution is almost an impossibility and that the 
various railroad lines form the only feasible routes 
through the highly developed districts. In practically 
all cases the railroads own these rights-of-way. 

The first major problem of this kind in Philadelphia 
originated about 1915-16, when it became essential for 
the electric company to have a 66-kv. transmission 
line between Schuylkill Station in Philadelphia and the 
new Waterside Station in Chester in order to back up 
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the older station, supply more power and take advan- 
tage of the more economical generation at the newer 
station. 

The only feasible route between these two stations 
was along a freight line of the Reading Railroad and a 
short section of the Pennsylvania Railroad which ran 
between Philadelphia and Chester. Practically all the 
property on either side of this railroad route was either 
developed or had so much potential value for future 
manufacturing sites that its purchase for transmission 
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line purposes, or the securing of a permanent right-of- 
way over it, was out of the question. 

Consequently, the transmission line was built largely 
on the side of the railroad right-of-way. (Fig. 2). 
The type of agreement between the companies was such 
as would naturally have been expected in that period 
when there was considerable difference of opinion 
between the railroads and the power companies about 
wire crossings, Pennsylvania General Order No. 13 and 
other items. In short, while the agreement indicated 
that both parties were satisfied with the arrangement, 
both agreed to and granted, as little as possible. Nat- 
urally the agreements had a revocation clause, as was 
then customary. 

Practically this solution has worked out satisfac- 
torily but this is primarily because of a disposition on 
the part of the companies to consider the matter in a 
wholly cooperative spirit rather than on account of 
the nature of the agreement and its legal provisions. 

A similar situation developed in 1924 in connection 
with a project of the electric company’s for inter- 
connection between Philadelphia and Trenton. In 
this case the district immediately adjacent to the Rich- 
mond Station, from which circuits must run, was so 
highly developed that the only expedient was the 
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running of underground cable for a distance of about 
four miles and thence it was possible to construct a 66- 
kv. steel tower transmission line on the Oxford Branch 
of the Pennsylvania Railroad for a distance of about 
five miles. 

The electric company was rather loath to invest 
several hundred thousand dollars on a right-of-way 
where it had no really permanent and irrevocable rights. 
At the same time, the railroad company was loath to 
grant any permanent rights on its property owned for 
transportation purposes. In this case the question was 
solved by the electric company purchasing in fee 
simple the additional property outside of the line of 
proposed tracks, which it had been necessary for the 
railroad company to secure to allow the necessary 
cutting and filling for the road bed construction. In 
addition, the electric company gave back to the rail- 
road: the right to cross its fee simple right-of-way 
wherever necessary to reach adjoining industrial de- 
velopments and in return received certain rights to 
maintain wires overhanging the railroad right-of-way. 
(Fig. 3). 

This agreement was much preferable to the revocable 
type previously mentioned, and was obviously a step 
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forward in cooperation, but could hardly be called 
complete coordination. 

When the science of electric transmission had pro- 
gressed to a point where it became advisable to take 
advantage of the diversity existing between adjacent 
systems and to transmit power from outside sources 
into the urban area, the electric company was naturally 
again confronted with the same problem; that is, the 
necessity of either making very long and expensive runs 
of underground high-voltage cable or utilizing existing 
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railroad rights-of-way which formed the only open 
lanes into the congested urban sections. 

The lines which have been mentioned above were of 
comparatively small capacity. A much more serious 
situation developed when it was necessary for the 
electric company to make plans for bringing the Cono- 
wingo power output into its metropolitan system. 
In this project transmission facilities had to be provided 
not only for Conowingo power itself but also power 
involved in the interconnection between the Philadel- 
phia Electric Company, Public Service Electric and Gas 
Company of New Jersey, and the Pennsylvania Power 
& Light Company. Transmission capacity of about 
600,000 kw. was required. 

Obviously, it was necessary to deliver this amount of 
power at as high a voltage as practicable well into the 
highly developed sections of the city and equally 
obvious was it desirable to bring it in as far as possible 
on aerial construction. It was quite evident initially 
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that a considerable portion of this power must be dis- 
tributed to the various generating stations in the city 
by means of 66-kv. underground cable, but on account 
of the investment, this length of cable must be kept at 
a minimum. . 

The only feasible route into the highly developed 
territory, reaching a point which was desirable from a 
distribution standpoint, lay along two lines of the 
Reading Railroad paralleling the Schuylkill River from 
a point slightly inside the city limits. The latter point 
could be reached by the conventional aerial construc- 
tion on private right-of-way. The main features of the 
territory and the locations of the stations is shown by 
themap. (Fig. 4). 

The situation, therefore, required the working out of 
an agreement between the railroad company and the 
electric company which would be mutually satisfac- 
tory. Obviously, a project which formed so vital a link 
for such a large and important undertaking must have a 
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permanent status and could not depend for its continu- 
ity on any revocable clause or any other consideration 
which-did not guarantee to the electric company per- 
manent and perpetual rights. It is equally obvious 
that the railroad company was in the same situation 
and must preserve permanent rights for maintaining 
its facilities in operating condition, and also, preserve 
the ability to change and increase its facilities as con- 
ditions required. 

Occupation of railroad right-of-way for electrical 
transmission can in no wise be considered as similar to 
the utilization of public highways. The railroad 
company, due to its prior development, owns outright 
and in fee simple the major portion of its right-of-way. 
Consequently, it cannot give up any of the rights 
invested in the ownership of property or in any way 
limit itself in the development of its facilities. 

In the situation which developed in connection with 
the Reading Railroad, these factors were readily ap- 
preciated in the beginning, and it was obvious that the 
conditions required the consideration and the finding of 
a satisfactory solution for the following main problems. 

(a) The designing of the structures so as to provide 
adequate strength to meet severe conditions of climatic 
loading, and the existing rules and regulations of any 
public service body which might apply. 

(b) ‘The designing and locating the structures so that 
they would not interfere with the operation of the 
railroad company’s existing or proposed tracks or 
other facilities. 

(c) The locating and designing of the structures so 
that they either serve as supports for or at least not 
interfere with, supports for the railroad company’s 
future electrification circuits. 

(d) In the event that alteration, augmentation or 
reconstruction of the railroad company’s facilities 
became necessary, the providing for a joint study of the 
situation to determine the most economical.means of 
making the improvement. 

(e) The reconstructing or altering of the signal and 
communication system in such manner as to secure 
satisfactory operation under the inductive coordination 
conditions involved, considering future railroad electri- 
fication and train control requirements. 

(f) The apportionment of costs which result directly 
or indirectly from the occupation of the railroad 
company’s right-of-way by the electric company’s 
transmission circuits. 

(g) The determination of a rental charge for occupa- 
tion of the right-of-way. 

The agreement finally reached recognized all these 
factors satisfactorily. 

The advantages of the arrangement to the electric 
company are mainly that it obtains a permanent right- 
of-way through a district where the securing of an 
independently owned right-of-way would be practically 
out of the question from either a financial or a public 
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policy point of view. However, it is also evident that 
the electric company assumes a considerable liability. 

The benefits to the railroad company are: 

(a) The control and coordination of the physical 
and inductive conflict which might arise were the elec- 
trie company’s lines to be located off the right-of-way 
but parallel to it. 

(b) Obtaining supports for its electrification trans- 
mission and catenary circuits. 

(ec) The alteration of all signal and telegraph facili- 
ties so that these are unaffected by the operation 
of the electric company’s facilities and will be un- 
affected by the railroad’s electrical operation of its 
trains. In this particular case the railroad’s signal 
system was changed from direct current to alternating 
current and the open wire signal and communication 
circuits were changed to cable and placed under- 
ground, so that the railroad will| be relieved of the 
necessity of making these changes when it electrifies. 

(d) An annual rental charge for the occupation of 
the right-of-way. 

One very important feature should be remembered. 
If the electric company had been obliged to purchase a 
right-of-way, a considerable portion of it would in this 
case, either have paralleled or been in close proximity 


Fie. 5—Desien or 66-Kv. Four Circurr Tower on REap- 
ING Ratmroap Rieut-or-WayY WHERE Space 1s AVAILABLE 
OvursIpE or TRACKS 


to the railroad right-of-way. In this event, while the 
feature of physical interference would have been de- 
creased, the inductive interference situation would 
have been almost the same as exists with the transmis- 
sion circuits on the railroad right-of-way. On separate 
rights-of-way both parties would have equal rights and a 
very complicated situation might have existed as to the 
electric company’s operation of facilities which affected 
the railroad company’s facilities. 
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It is not intended here to give a detailed description 
of the structural features as these are more of interest to 
the structural than the electrical engineer, so only a few 
points of major interest will be mentioned. Figs. 5 
to 8 illustrate various types of structures and some of 
the typical locations. 

The general electrical features for the electric com- 
pany’s transmission circuits are very much the same as 
is now the practise for 66-kv. lines on the conventional 
steel tower type of construction. That is, the vertical 
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separation between conductors is approximately 10 ft., 
the minimum clearance to steel work is figured at 214 
ft. and the circuits are protected by ground wires in 
order to avoid lightning disturbances as much as 
possible. 

Most parties who see either the construction or 
photographs comment on the fact that every span is 
dead-ended at both ends. This is brought about by the 
fact that if the usual suspension insulator had been 
employed in order to obtain the necessary clearance 
between wires and structures and between circuits the 
length of the cross arm, the width of the structure, 
necessary to support the circuits would have been so 
great that the wires could not have been kept within 
the limits of the right-of-way. 

In the original installation which was made for about 
41% miles on the Main Line and Richmond Branch of 
the Reading Railroad, provisions were made for 4 
three-phase circuits, it being originally intended that 
two of these circuits would be reserved for the electric 
company and the two other positions reserved for the 
railroad company’s transmission circuits for future 
electrification. With the further development of the 
railroad company’s plans it proved feasible to change 
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the formation of the top of the structure so that on the 
recent Norristown Branch construction 3 three-phase 
transmission circuits were provided for the electric 
company and space for 2 two-wire circuits for the 
railroad company. On the newer construction it will 
also be noted that a bracket is provided for 36-kyv. 
railroad circuits. 

It was felt desirable by both parties to make the 
strength of the structure such that no question should 
ever arise as to their compliance with the Pennsylvania 
Public Service Commission’s regulations covering the 
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strength of construction within the State of Pennsyl- 
vania. Consequently, the structures are designed to 
stand the full dead-end strain of the conductors on one 
side. While this requirement may seem very severe it 
actually developed during the course of detail designing 
that very little hardship was imposed. When sufficient 
strength is provided to stand the assumed design condi- 
tion of all wires on one circuit being broken at the most 
disadvantageous location, that is, generally at the end of 
a cross arm, it was found that the structure was usually 
stronger than was required to meet Pennsylvania Public 
Service Commission’s requirements. 

In order to meet the requirements necessitated by 
future track construction, right-of-way, etc., several 
expedients were necessary in the design of structures. 
For the greater part of the installation on the Main 
Line and Richmond Branch, which is largely located on 
a cut on the side of a precipitate slope, there was suffi- 
cient room on the side of the cuts and fill to place the 
structures outside of the line of any present or proposed 
tracks, but as the more congested portion of the city 


UTILIZATION OF RAILROAD RIGHTS-OF-WAY 


of the retaining wall. 


257 


was approached, the right-of-way conditions naturally 
became constricted and at some locations the conditions 
could only be met by a bridge type of construction 
which completely spanned a four track roadway. At 
other locations it was possible to meet the requirements 
by dividing the construction, placing the towers on 
opposite side of the right-of-way with one circuit going 
through the center of the structure and the other circuit 
overhanging the roadway. 


In the construction on the Norristown Branch of the 
Reading Railroad the right-of-way conditions are very 
much restricted for about the first three miles out from 
the termination of the line. Throughout this section it 
was necessary to utilize a bridge type of construction 
spanning a proposed four-track roadway. A proportion 
of this roadway was involved in a grade crossing elimina- 
tion project and several various interesting situations 
were involved. 

In certain portions a retaining wall was to be built and 
the design of the foundations for the transmission 
structures was necessarily coordinated with the design 
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Two additional circuits will be provided by similar construction on 
other side of tracks 


Consequently, the tower footings 
formed portions of this wall. At another location a 
steel viaduct was to be constructed and the viaduct was 
so designed at the necessary location that the steel work 
for the transmission structures could be attached 
directly thereto. 

At certain other locations where the actual railroad 
right-of-way was of insufficient width it was found 
preferable and cheaper to purchase additional right-of- 
way rather than to adopt the more costly bridge con- 
struction. 
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By the time this paper is presented one circuit of the 
new construction should be in operation, the initial 
construction having been in operation somewhat over 
two and one-half years with very satisfactory results. 
Throughout this two and one-half year period the two 
initial circuits have, at times, carried as high as 200,000 
kw. In fact, they have continually carried, except 
for some 20,000 or 30,000 kw. which is diverted at 
Plymouth Meeting substation either to the Pennsyl- 
vania Power & Light Company’s system or to Bar- 
badoes Island plant at Norristown, practically the 
entire output of the Conowingo plant. During the 
present year interconnection is to be completed with the 
Public Service of New Jersey which will, to a certain 
extent, increase power flow both into and out of Phila- 
delphia Electric Company’s system at various times of 
the day. 

The transportation of coal from the mines to our 
urban centers of population and of electrical energy 
from the sources of hydroelectric supply to these same 
centers affect all industry, and directly, or indirectly, a 
large proportion of the country’s population. 

The more intensive use of right-of-ways for the 
transportation of these commodities and the successful 
coordination of the problems involved is a tribute to the 
managements of the respective companies. Coopera- 
tion of this kind can not but result in substantial 
benefits to the public. 


Discussion 


Sidney Withington: This paper presents clearly the grow- 
ing recognition of the fact that many problems which were 
formerly attacked individually are now recognized as joint 
problems among those whose duty is that of service to the public. 
Among other examples, are the problems of electrolysis, inductive 
coordination between power and communication cireuits, and 
the joint use of wood poles among public utility companies. 
lt is of interest to note that both parties to the arrangement under 
discussion are thoroughly satisfied. This speaks well for the 
spirit of the officers of both companies. Such cooperation reacts 
to the benefit of each company and through it to the public it 
serves. 

Item “g”’ of the factors involved mentioned by the authors 
calls attention to rental charged for the occupancy of the railroad 
right-of-way. It is true that in other instances where such 
problems are met, the railroads may set an unduly high value on 
their rights-of-way as potential routes for other utility compa- 
nies but itis also true that power companies sometimes express the 
thought that inasmuch as the railroad right-of-way exists and 
there seems to be room to spare, they should be allowed to locate 
their lines without obligation to pay any rental. Agreement 
upon a figure fair to both sides seems sometimes to be rather 
difficult. 
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In locating a high-tension line along and over railroad tracks it 
must be recognized by all concerned that there is introduced a 
hazard both to railroad operation and to the power facilities, 
which would not otherwise exist. If a derailment oceurs which 
wrecks a tower and brings the high-tension circuits down upon 
the train, somebody must assume the responsibility. If the 
transmission line had not been within reach, the power supply 
would not have been interrupted, and conversely there might 
have been less property damage or personal injury to the railroad 
and its patrons if the transmission line had been absent. 


It would be of interest to know what arrangements are made 
for patrolling and maintenance of the transmission line. Does 
the railroad allow the employees of the power company to use a 
car for patrolling purposes and for transporting labor and material 
or is there sufficient access from highways to the right-of-way at 
all points to make this consideration unnecessary? 


The last paragraphs of this paper bring to mind an interesting 
picture—that of the transportation of energy along railroad 
right-of-way in the form of electric power rather than in the form 
of coal. The railroads are losing a great deal of passenger and 
freight traffic to highways and canals, to the construction and 
maintenance of which, incidentally they are obliged to contribute 
largely. The railroads cannot afford much further impairment 
in gross revenue without perhaps radical reconstruction of their 
rate structures, as many of their fixed expenses are independent 
of traffic. I believe railroads as a whole will look with some 
concern upon further loss of their load. 


W. W. Woodruff: Mr. Withington asks information as to 
the use of the railroad right-of-way for patrolling and main- 
tenance of transmission lines. In this particular case, the right- 
of-way is to a large extent sufficiently accessible from highways 
to make it unnecessary to use the railroad facilities for any ordi- 
nary maintenance or repairs. Also, the distance is so short that 
inspection or patrolling is, from a transportation standpoint, 
a very minor matter and can easily be done on foot. 


A question is raised as to the reduction in railroad revenue 
resulting from the transportation of energy along the railroad 
right-of-way and the consequent reduction in coal tonnage. 
This is a question concerning which I choose to express only a 
very general personal opinion. 


Everyone remembers the old cartoon showing two calves with 
two pails of milk; both ealves trying to drink out of the same 
pail, with very poor success, while the other pail stands untouched. 
This applies rather pointedly to the thought expressed. 

Translated into economic terms, the lesson is that the attempt 
by any organization, railroad or other, to block the advance of 
economie progress, in order to avoid the loss of a present advan- 
tage, is not in line with sound economic policy and doomed 
to eventual failure. Economic situations are always changing 
and are governed by factors entirely outside the control of any 
individual industry and any artificial measures introduced or old 
methods adhered to for the purpose of maintaining the status quo 
only postpones the evil day and makes the final readjustment 
more severe. A great many very disagreeable situations could 
have been avoided by recognizing this principle, and proper 
cooperation between various industries, before the time the 
situations became acute, could have resulted in benefits to all, 
rather than dissipating valuable assets. 


Initiation of an Electrification Into Operation 
BY H. C. GRIFFITH: 


Non-member 


Synopsis.—This paper describes the energizing and putting into 
service of the Pennsylvania electrification project. The normal and 
desirable procedure of placing an electrification into service is cited, 
and the departure from it brought about by the difficulties encountered 
in actual railway operation are explained. 

The operating practise—functions of the power director, his 
assistants, substation operators, and foremen in connection with 


switching operations, grownding circuits, carding of circuits, and 
manner of obtaining releases—is described and illustrated. All of 
this 1s very essential to properly coordinate the work and safeguard 
the personnel of the construction forces, operating forces, and test 
men during the transition period of completion and placing into 


operation a railway electrification project. 
* * * * * 


dj Poste recent completion and placing in service of the 
Pennsylvania Railroad’s electrifications between 

Philadelphia and Trenton, and Philadelphia and 
Norristown, has emphasized the importance to the 
railroad of the transition stage which turns a construc- 
tion job into an operating job, and which has been called 
initiation into operation. 

The normal and desirable procedure on an electrifica- 
tion construction job would be to complete the construc- 
tion work with the construction forces, release the 
construction men, and turn the project over to a test 
organization who would then energize the various 
circuits and apparatus and make all necessary potential 
tests, check control operations, protective relay opera- 
tions, automatic switching sequences, etc. 

Unfortunately, a major electrification project which 
when completed becomes a part of an electrification 
system already in operation can seldom follow this 
logical sequence. The management which has author- 
ized the large expenditure naturally wants the operation 
to start at the very earliest possible date in order to 
obtain promptly the benefits for which the project was 
authorized. This necessitates the overlapping of the 
test period with the completion of the construction 
work, and results in having the construction forces 
working on portions of the circuits and apparatus while 
other portions are being energized and tested. 

The situation is complicated further by the fact that 
the operating department requires a portion of newly 
electrified tracks turned over to’ them for a period 
before completion, for the operation of special electric 
trains for the training of crews. Also, if the project 
involves changing to a new transmission and distribu- 
tion system for signal power, as was the case in the 
Trenton and Norristown electrifications, this supply of 
power must be available some time before completion 
of the construction work so that the signals and inter- 
lockings can be changed over prior to beginning of the 
operation. This results in having energized signal 
equipment, transmission, and trolley lines to contend 
with prior to the release of the construction forces. 

To render this transition period as safe as possible 
for the construction force and others involved, when 
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work of construction on and around apparatus at times 
energized to a high potential for testing and training 
operations was necessary, a general plan was prepared 
and adopted. 

The section being electrified was divided into three or 
four divisions, using points where the circuits were 
sectionalized as limits. The section which it was 
desired to energize first was taken as No. 1, the second 
as No. 2, ete. The construction work program was 
then so arranged that in so far as possible No. 1 section 
would be pushed forward to completion—if necessary at 
the expense of the others; No. 2 would follow, and 
soon. This reduced to a minimum the amount of work 
the construction forces had left to do after the section in 
question had been energized, but did not entirely 
eliminate it, as test operation developed poor alinement 
of trolleys, hard spots in the catenary system, errors in 
substation wiring, and the need for readjustments in 
switches and circuit breakers. 

A definite date and time was then set, after which all 
wires and apparatus in the first section should be con- 
sidered energized to high potential at all times. The 
division superintendents were requested to issue a 
general order to be posted and signed for by the railroad 
employees, advising them of the exact time and the 
territory within which all overhead wires, substations 
and equipment must be considered energized. 

A similar notice was forwarded to the superintendent 
of the construction forces, who was requested to have 
each man in his organization sign as having read and 
understood the notice. 

The same thing was done for the field engineering and 
testing organization. 

No voltage was applied to any of the equipment in 
each particular section until after the date and time 
specified in the notices applying to that section. 

Prior to the date for energizing, various employees of 
the operating department were given a time allowance 
to go over in detail the new electrification project in 
order to become familiar with every phase of it. They 
were also given prints showing the arrangement and 
details of circuits. During this time allowance, they 
were expected to absorb sufficient information to enable 
them to pass a thorough examination to qualify in the 
particular class of work which they would be expected 
to perform when operation began; that is, the em- 
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ployees who would operate as power directors were 
expected to learn thoroughly all phases of the project 
necessary in the transaction of business as power direc- 
tors; the substation maintainers and inspectors to 
qualify along the line of their duties and the line- 
men along their special line. Each one was given 
a detailed examination by the supervisory force and 
was expected to pass this examination in a satisfactory 
manner. 

A short time prior to the date and time specified in the 
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1—Power Drrecror’s HEADQUARTERS AT WEST 
PHILADELPHIA SUBSTATION 


Fic. 


General Notice issued, the power director was put on 
duty at the regular control headquarters to handle the 
energizing and testing of the new electrified section. 
A second and third trick power director were also 
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Fia. 


Showing arrangements of trolleys and cross-overs with plugs at section- 
alining and supply points 


assigned so that for the full 24 hours each day, each 
move of energizing various circuits and apparatus and 
testing of same was done under the control of a properly 
qualified man. 

Qualified substation operators were placed in each 
substation of the section covered by the order, to take 
out clearances and ground all high-voltage circuits or 
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apparatus on which construction work remained to be 
done. The protection of the construction force in each 
particular substation was made the definite duty of these 
men, and in a number of cases it was necessary to supply 
qualified substation men for each of the three tricks in 
the 24 hours of the day. 

In a similar manner a qualified lineman was assigned 
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Fic. 3—STANDARD CLEARANCE TAG TO BE APPLIED TO REMOTE- 
ContRoL HANDLE FOR OPERATING SwiTCcH 


to each construction wire train, transmission gang, gang 
installing bridge protection, and each other gang whose 
duties involved its working over or around energized 
circuits. When necessary, in order to permit con- 
struction work to be performed after portions of the 
electrification had been energized, these qualified linemen 
would take out clearances and ground circuits for the 
performance of work by the construction gangs on or. 
in close proximity to energized circuits. 
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Fie. 4—Ciearance Recorp PREPARED BY POWER DIRECTOR 
For Hacu CLEARANCE IssuED 


The power director referred to above is located in 
the West Philadelphia Substation and has complete 
jurisdiction over the operation of the electrical circuits 
and apparatus on the section of the electrification to 
which he is assigned. This is illustrated in Fig. 1. In 
case of faults developing on any portion of the system, 
it is his duty to restore power at the earliest possible 
moment. In case a fault continues, he so sectionalizes 
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the system that the portion of the system out of service 
is reduced to an absolute minimum. He must deal with 
the train dispatcher in the handling of trains in the 
electrified zone so that restrictions in train operation and 
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Showing remote-control handle blocked out and clearance tag applied to 
three control handles 
the interruptions to train OE are reduced to a 
minimum. 
In case of a defective section of trolley developing, he 
must instruct the train dispatcher as to the condition 
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Fie. 6—OprratiIon Report Form 


Upper half—Standard switching blank filled out by operator 
Lower half—Standard clearance blank filled out by qualified workman 


taking out clearance 
existing in order to prevent the operation of trains into 
the defective section. 

The responsibility for cutting out certain circuits or 
apparatus for normal maintenance is also a part of his 
duties. He selects the proper switches to be opened 
in order to remove power, and instructs the various 


INITIATION OF AN ELECTRIFICATION INTO OPERATION 


261 


operators usually located in the signal block towers, 
to open these switches and tag them prior to issuing 
the clearance to the qualified workman who performs 
(Fig. 2.) 


the work. 


Fig. 7—STANDARD GROUNDING STICK 
Showing clamp for conductor and clamp for ground connection 


After the operator reports to the power director that 
proper switches have been opened and tagged with the 
name of the workman to perform the work, as ordered 
by the power director, the power director then issues to 
the qualified employee in charge of doing the work a 


Fig. 8—GrounbinG Sticks ApPLiED TO HIGH-SPEED TROLLEY 
Circuit BREAKER 


formal clearance. (Figs. 3 and 4.) The switches thus 
tagged must never be closed until the removal of 
these tags at the instruction of the power director has 
been accomplished. 

The power director is forbidden to order closed any 
switches, on which a clearance has been issued, prior to 
the formal release of the clearance by the qualified. 
employee to whom it has been issued. 

This rather elaborate formality has been found 
necessary to prevent the accidental closing of any 
switches energizing circuits on which men are working 
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and has proved to be an adequate safeguard. (Fig. 5.) 
Where qualified substation operators and linemen are 
required to operate outlying disconnecting and sectional- 
izing switches not controlled from a remote control 
board, these operations must be performed only under 
definite instructions from the power director and a 
proper record kept on a switching report blank. The 
switching report blank and the clearance blank when 
completed must be forwarded at once to the operating 
headquarters for filing. The power director’s record 
and the qualified employee’s record of the clearance 
issued are checked and must be similar in all details. 
This checking is done periodically to prevent the de- 
velopment of carelessness on the part of any of the men 
involved in the handling of the clearances. (Fig. 6.) 

After the qualified employee has received his clear- 
ance, before beginning work on energized equipment or 
circuits, he must apply the standard ground sticks 
which are supplied for that purpose. Upon comple- 
tion of the work, these ground sticks must be removed 
before formally giving up the clearance under which he 
is working. (Fig. 7.) 

The ground sticks are designed with a clamping hook 
on the end of a pole and an extremely heavy cable 
connecting to a clamp which clamps to a grounded 
connection or structure. Experience over a number of 
years has definitely proved that if these sticks are 
properly applied, the workmen will at all times be 
fully protected, not only from accidental energizing of 
circuits, but also in case of mistake in segregating the 
circuit or apparatus and the power not being removed. 
Ground sticks as illustrated in Fig. 8 have been applied 
to high-voltage circuits while energized without damage 
to the equipment or injury to the man involved. 

The above general procedure has been reviewed in 
order to show the safety precautions found necessary in 
the handling of a major electrification project. It has 
been the experience that in spite of all precautions and 
safety features, accidents around high-tension circuits 
will happen and every effort must be made at all times 
to keep those directly involved in their operation 
thoroughly familiar with these hazards and compel 
strict adherence to all safety regulations. There is 
no period to which this applies more strongly than it 
does to the period of initiating electrical operation and 
closing out the final details of the construction work. 


Discussion 


Sidney Withington: Mr. Griffith calls attention to the 
haste on the part of railroad managements to place facilities in 
operation at the earliest possible moment as they approach 
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completion. When it is considered that the capital charges 
against any given project begin as soon as expenditures start and 
that they are a direct function of the money expended, it is 
readily seen that these charges may reach to a very considerable 
sum per day when an installation of several millions of dollars is 
involved. Any time saved in placing the facilities in revenue 
service represents real money and is worthy of considerable 
effort. 


Mention is made of the relations between the power director or 
load dispatcher and the train dispatcher. It is obviously very 
necessary for these two positions to function with the closest 
cooperation and when it ean be accomplished without too much 
sacrifice it may be desirable to locate the two men in the same 
or immediately adjacent offices. The most reliable communica- 
tion facilities are of course essential in any event, for defective 
communication inevitably means delay to train operation. 


One of the outstanding characteristics of work on railroad 
power circuits having rail return is the absolute protection which 
each man has by the application of the ground stick described by 
Mr. Griffith. With this device the men working on such cireuits 
are absolutely safeguarded in event of accidental energizing of the 
circuit. Each man can be made entirely and personaliy*respon- 
sible for his own protection. 


It would be of interest if Mr. Griffith were to mention the 
routine followed by the line crews after they have obtained a 
cireuit upon which to work. Is the foreman provided with 
blank forms to fill out for the information of the limemen? On 
the New Haven Railroad the foreman gives to each lineman in his 
gang a carbon copy of a memorandum which states specifically 
what circuits havé been deenergized and grounded. This does 
not relieve the individual lineman of responsibility for personally 
seeing that the ground stick is applied, but the act of the foreman 
writing out the information and the act of the individual lineman 
in receiving it, we feel, impresses the situation upon the minds of 
both and is of psychological value. 


H. C. Griffith: The procedure followed by the line foreman 
in obtaining his circuit on which to perform work is as follows: 


He telephones the power director, requesting the particular 
circuit desired, advises the general nature work to be performed 
and gives-a close estimate of the length of time required. The 
power director, if conditions are suitable, orders open and tagged 
the proper switches to segregate and deenergize the cireuit in 
question. He then issues a formal clearance to the line foreman 
who repeats same back to the power director. The foreman then 
advises each of his men the particular circuit or circuits on which 
he holds a clearance and points out the adjacent circuits that are 
not deenergized. 


The grounded pantograph on the wire train is then raised to 
contact with the circuit and ground sticks installed on each side 
of the wire train. Each workman has definite instructions that 
he must personally insure himself that proper grounds have been 
installed before he proceeds with his portion of the work. At the 
completion of the work, the foreman cheeks that each individual 
lineman is clear of the circuit, that grounds have been removed 
and advises each man that the clearance is being given up, and 
the circuits must be considered energized. 

The foreman then formally releases his clearance to the power 


director who then orders the necessary switches closed to energize 
the circuit and restore normal set up. 


The Modern Single-Phase Motor for Railroad 
Electrification 


BY F. H. PRITCHARD*« 


Associate, A. I. E. E. 


Synopsis.—The past three years have seen a great increase of 
activity in the field of alternating current electrification of 
steam railroads and, consequently, much attention has been 
given to the design of the single-phase traction motors wpon 
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and 


which the success of this type of electrification chiefly depends. 

The object of this paper is to describe the wp-to-date motors which 
have been developed to meet the requirements of modern American 
railroading. 


N order to meet the demands on traction motors 

incident to announced single-phase electrification 

programs, considerable developmental work has 
been done. Sample motors were built and extensively 
tested and a sample multiple-unit car was completely 
equipped and put into regular passenger service. 


““TRANSFORMED”’ VOLTAGE 


The biggest handicap that besets single-phase com- 
mutator type motors lies in the presence of an alternat- 
ing voltage between heel and toe of the brushes, which 


Wee 


LZ 


Commutator Bars 


Fig. 1—DrvreLorpep ViEW oF AN ARMATURE CoIL UNDER- 
GOING CoMMUTATION IN Its RELATION TO THE FACE OF THE 
Main Pout 


can be corrected at speed but which cannot be avoided 
at standstill. 

This is illustrated in Fig. 1 which shows an armature 
coil undergoing commutation. 

The torque field winding which is in series with the 
armature produces the torque flux. This flux instead 
of being constant, as in d-c. motors, is alternating and 
induces by transformer action a certain voltage in each 
armature turn. This “transformed” voltage has the 
maximum amplitude in the coils short-circuited by the 
brushes since the plane of these coils is at right angles 
to the direction of the flux. 

With a sinusoidal flux wave of 25 cycle frequency, 
ther. m. s. voltage induced in these coils is: 

Transformed voltage per turn = 1.11 ¢ maximum, 
where ¢ maximum is the maximum amplitude in mega- 
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lines of the torque flux. If the brush short-circuits two 
adjacent turns, that is, if it touches three commutator 
bars, the voltage which is impressed between heel and 
toe of the brush is twice the voltage induced in each 
turn. 

The transformed voltage is 90 deg. out of phase with 
the flux, that is, with the motor current. 


STARTING COMMUTATION 

We will first discuss standstill or starting conditions: 

Fig. 2 shows what happens to a typical brush between 
heel and toe of which an alternating voltage is im- 
pressed. <A brush of the size used in the test normally . 
carries a load current of 50 amperes and under over- 
loads will carry up to twice that current. 

If a heel-to-toe voltage is applied continuously, 
glowing will occur from about 2.5 volts up, and the glow- 
ing will be become very violent above the knee. Severe 
pitting and softening of the commutator bars will occur. 
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Fig. 2—BrusH Vout-AMPERE CHARACTERISTIC 


It is obvious that this condition, as far as its effect on 
the commutator bars is concerned, is most pronounced 
at standstill. 

The curve shown in Fig. 2 was taken without any 
load current flowing through the brush; the presence of 
a load current increases the circulating current at any 
voltage. 


PRACTICAL LIMITATIONS OF THE TRANSFORMED VOLTAGE 
Earlier designs of single-phase traction motors 
used heel-to-toe voltages of 10 volts or more and the 
present motors use values which are, roughly, half these. 
It will be seen from the above that even these lower 
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voltages, if maintained indefinitely, would damage the 
commutator. However, the operating experience abroad 
and the experience so far gained in this country 
with motors designed for these new constants indicates 
that, in service, the actual time during which these 
excessive circulating brush currents flow is well within 
safe limits. 

Thus, it is seen that the design of a single-phase 
traction motor will largely hinge around the necessity 
of keeping the transformed voltage, from heel to toe 
of the brush, down to a permissible figure. In the 
motors under consideration, the brushes cannot short- 


circuit more than two coils and the transformed . 


voltage per turn at standstill does not exceed 3.25 volts 
for the locomotive motors and 2.75 volts for the 
multiple-unit car motors. 


NUMBER OF BRUSH HOLDERS 


These values of transformed voltage per turn at 
standstill determine the flux per pole under starting 
conditions. The torque of a motor is proportional to 
the product: 

Total armature ampere-conductors times number of 
poles times the flux per pole. 

The last term of this product is determined as we 
have just shown. Thus, we see that for an armature 
with a definite ampere-conductor loading, the starting 
torque goes up directly with the number of poles, or, in 
other words, with the number of brush holders.. 


COMMUTATOR CONSTANTS 


As a matter of fact, the short-time loading of an 
armature is limited more rapidly by the load current 
density in the brushes than by the current density in 
the armature conductors themselves. 

In order to bring out this limitation in the formula 
which gives the torque, we will express the total arma- 
ture ampere-conductors as: 

Total conductors times amperes per brush holder 
or, what amounts to the same thing: 

Total conductors times current density in the brushes 
times commutator length times brush thickness. 

If we substitute the above expression in the torque 
formula, we find that the latter is proportional to: 

‘Total conductors times current density in the brushes 
times commutator length times brush thickness times 
poles times flux per pole. 

It should be understood that all single-phase traction 
motors have armatures wound with one turn per coil; 
also, that the brush thickness is generally taken as 
twice the commutator bar pitch. 


Hence, the brush thickness is generally proportional — 


to the expression: 


Commutator diameter 
Total conductors 


Substituting this expression in the last product, we 
find that the starting torque is proportional to: 
Commutator length times commutator diameter 
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times poles times current density in the brushes times 
flux per pole. 

The last two terms are determined by the characteris- 
tics of the brushes; thus, we see that the starting torque 
which can be obtained from a single-phase traction 
motor is proportional to the area of commutator and 
to the number of brush holders. 

For a given commutator diameter the new motors 
have from 50 to 100 per cent more brush holders than 
earlier motors and, as the disturbance at the commuta- 
tor is proportional to the square or to some higher power 
of the flux per pole, the starting commutation is greatly 
improved. 


RUNNING COMMUTATION 


When the motor is running we must deal with two 
elements of commutation: 

The a-c. or quadrature element of commutation, 
caused by the transformed voltage, is still present 
and we will show how this element can be effectively 
compensated; also, we are dealing with the in-phase 
or rotational element of commutation which is of the 
same nature as the sparking reactance voltage in a d-c. 
motor. 

The modern single-phase traction motor has, in addi- 
tion to the torque field winding, a compensating winding 
and an interpole winding. These two windings to- 
gether neutralize the armature reaction very effectively; 
the compensating winding neutralizes the armature 
reaction under the main poles and effects a considerable 
improvement in commutation and power factor over 
that which would be obtained if the same number of 
ampere-turns were concentrated around the interpole. 
The interpole winding neutralizes that portion of the 
armature reaction which is in excess of the compensating 
winding ampere-turns and in addition provides a surplus 
of ampere-turns. This surplus produces a flux under 
the interpole which develops in the coils undergoing 
commutation a voltage to neutralize the reactance 
voltage induced by the reversal of the current, exactly 
as in a d-c. motor. 


ROTATIONAL ELEMENT OF COMMUTATION 


It should be strongly emphasized that the commuta- 
tion of a single-phase motor can be no better on alternat- 
ing current than it is on direct current. Consequently, 
in order to design a good a-c. commutator type motor, 
it is indispensable to put into it, first, all the elements 
which give good commutating characteristics to a 
multiple-wound d-c. motor, such as the following: 

For the armature: 

An odd integral number of slots per pair of poles, 

An odd number of turns per slot, 

A back-end winding pitch other than a multiple of 
the number of slots, 

Sufficient fractional pitch to minimize the mutual 
inductance of coils undergoing commutation, 

Adequate equalization. 

For the stator: 
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A’ correct design of interpole having a face which 
properly covers the commutating zone backed up by 
a core dimensioned practically to obviate saturation, 

Adequate neutral space between interpole and main 
pole tips. 

For a better understanding of the rotational element 
of commutation in a single-phase motor, let us consider 
the variations of the current in any armature conductor, 
as illustrated in Fig. 3. 

Assume that the peripheral speed of the commutator 
is 16,000 ft. per min., that is, 1,200 in. per sec., and that 
the brushes are 3% in. thick. The reversal of the 
current takes place in the time that it takes for a point 
on the commutator to pass a brush less the thickness of 
a mica, that is, in: 


0.875 — 0.030 if 


1200 ~ 3500 
With a 25-cycle power supply each alternation lasts 


1/50 sec. In other words, the current reversal in 
commutation is 70 times faster than the reversal due to 


= second. 


Duration of commutation proper 
= g5p0SeC. 
Time between successive commutations 
Os 


gssecond 


Fig. 3—VARIATIONS OF THE CURRENT IN ONE ARMATURE 


CoNDUCTOR 


the alternating supply. If we look at a sine wave and 


0 deg. 
70 


that there is very little difference between their ordi- 
nates. In other words, during the time that a coil is 
short-circuited by a brush, the motor current varies so 
little that it might just as well be direct current. Fig. 3 
also shows that, at normal speed in the example chosen, 
the frequency of commutation (250 reversals a second) 
is much higher than that of the supply. In other words, 
the fact that we are dealing with 25 cycles should not 
affect materially the phenomenon of current reversal 
which is 70 times faster and which occurs 10 times more 
frequently. 

From the above, one could expect approximately the 
same excess ampere-turns in the compensating and 
interpole windings to commutate 25-cycle alternating 
current as to commutate direct current. This has 
been proved very conclusively by test. 


18 i 
pick two points = 214 deg. apart, we realize 
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TRANSFORMED ELEMENT OF COMMUTATION 


To accomplish the compensation or neutralization of 
the transformed element of commutation, an external 
resistor shunting the interpole winding is used. 

The current in the resistor leads the line current 
and the current in the interpole winding lags behind it. 

Fig. 4 shows how the current in the interpole winding 
has two components; one, in phase with the line 
current, the magnitude of which is adjusted to take care 
of the rotational element of commutation, and one, 90 
deg. out of phase with the line current. This latter 


Resistor 


Interpole Winding 


Current in Interpole 
Winding 


é 


of interpole 
current 


url 


Fig. 4—Vector DiaGramM ILLUSTRATING THE PHASE SHIFT 
OBTAINED By THE USE OF THE SHUNTING RESISTOR 


component produces a flux which, by virtue of rotation, 
generates a voltage in the coils undergoing commuta- 
tion, in this same phase relation, that is, 90 deg. out of 
phase with the line current. This opposes the trans- 
formed voltage both in phase, and, for definite speeds, 
in magnitude. 

The simplicity of this scheme has given it a very 
wide application and practically all modern single- 
phase traction motors make use of it. 

Theoretically, this scheme accomplishes a correct 
neutralization of the transformed element of commuta- 


obtained within this speed range 


{00/9 Revolutions per minute 


Fig. 5—Errect or SPEED ON THE NEUTRALIZATION OF THE 
TRANSFORMED HLEMENT OF COMMUTATION 


Transformed volts per turn. The shaded areas denote under or over 
compensation 


tion at all loads but only at one speed because the neu- 
tralizing voltage is proportional to the speed while the 
transformed voltage is not affected by the speed at a 
given load. 

Fig. 5 illustrates this condition for a motor which is 
correctly compensated at 1,000 rev. per min. Below 
this speed there is a condition of under-compensation 
which is, of course, most pronounced at standstill. 
Above this speed there is over-compensation. 

The fact should be kept in mind, however, that it is 
not necessary to have quite perfect neutralization in. 
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order to obtain black commutation since it takes a 
certain voltage to produce a spark across the copper- 
brush contact. The two horizontal lines drawn above 
and below the line of ordinate 2.2 volts give an idea of 
the range of uncompensated voltages within which black 
commutation can be obtained. The lower the flux per 
pole, the wider is’ the corresponding speed range. 
Thus, improving the starting commutation also im- 
proves the running commutation. 


COMMUTATION SETTINGS 


It can be seen now how it is possible to segregate and 
correct the rotational and the transformed elements of 


Shunting 
Resistor 


Compensating 
Winding 


Torque Field 
Winding 


Interpole 
Winding 


Fig. 6—D1acramM or CONNECTIONS OF A SINGLE-PHASE 
Traction Moror 


commutation in order to obtain black commutation 
over a wide range of speeds and loads. This consists 
in the adjustment of the number of turns of the inter- 
pole winding and of the value of the shunting resistance. 
~ For motors required to operate over a very wide 
range of speeds and loads, two commutation settings 
are used. A change in the value of the shunting resistor 
and the introduction of a reactive shunt are effected 
by the control switches. Locomotive motors re- 


Fig. 7—Brusu Houpers AnD Supports with MicaLEx 
INSULATORS 


quired to.develop full rated horsepower up to the maxi- 
mum operating speed come in this class. 

The losses in the shunting resistor vary from one to 
two per cent of the motor input, the lower figure apply- 
ing to the larger size and higher speed motors. 

DIAGRAM OF CONNECTIONS 

The diagram of connections of the modern single- 
phase traction motor isa very simple one. All windings 
are in series; the shunting resistor is permanently 
connected across the interpole winding and there is no 
change in motor connections throughout the operating 
cycle. 


PRITCHARD AND KONN: MODERN SINGLE-PHASE MOTOR 


Transactions A. I. E. HE. 


Motor VOLTAGE 


Because of the limitation of the flux per pole, the 
single-phase traction motor is, inherently, a low-voltage 
machine. For example, the rated voltage of a locomo- 
tive motor is 225 volts and that of a multiple-unit car 
motor with a lower flux per pole is 170 volts. 

If similar constants of design are used (flux per pole, 
commutator peripheral speed, commutator bar pitch) 
the voltage of machines of different sizes will be the 
same regardless of the number of poles and brush 
holders. 

POWER FACTOR AND EFFICIENCY 

At their continuous rating, these motors have a 
power factor of approximately 95 per cent and an effi- 
ciency at the shaft of 85 to 90 per cent, the higher effi- 
ciency figures applying to the larger size and higher 
speed motors. 

FIELD SHUNTING 

Under severe starting conditions it may be advisable 

to weaken the main field at starting, preferably by 


Fig. 8—Virw SHOWING THE ACCESSIBILITY OF BrusH HoupERs 


means of a saturated inductive shunt, in order to keep 
the flux, and, hence, the transformed voltage, below a 
certain limit. In this case, the motor must draw a 
heavier current to develop the required torque but there 
is a net gain in commutation. 

In some locomotive equipments being built the con- 
nections are changed from weak field to full field by 
means of a control relay which operates as a function 
of the locomotive speed. The relay is set to operate at 
the speed at which the commutation in the full field 
connection with its lower load current equals the com- 
mutation in the weak field connection with its lower 
transformed voltage. 


MoToR CONSTRUCTION 


These features of design have been worked into a 
1,250-hp. twin-armature locomotive motor and a 220- 
hp. axle-hung multiple-unit car motor, the construction 
of which is shown by the illustrations on these 


pages. 


March 1931 


BrusH HOLDERS 


In order to find room for the larger number of brush 
holders, provide proper clearances and allow for easy 
inspection and renewal of brushes, a new design of 
brush pressure finger has been worked out. At the 
same time, much greater uniformity of brush pressure 
as between new and worn brushes was incorporated in 


Fic. 9—BrusH-HOLDER YOKE FoR 1,250-He. Twin ARMaTuRE, 
Locomotive Motor 


the design and more accurate spacing of brush holders 
has resulted. 

The brush holder and supports shown in Fig. 7 have 
been applied to the motors on the sample multiple-unit 
car previously referred to and Fig. 8 illustrates their 
accessibility. Their performance in actual service 


Fig. 10—Rortor or 1,250-Hp. Twin-ARMaAtURE LOCOMOTIVE 
Motor 


has been very gratifying; no trouble whatever has 
developed, the commutators run with a highly polished 
surface and the very small brush wear indicates at least 
two years of brush life. 

The locomotive motor brush-holder yoke shown in 
Fig. 9 is arranged to revolve by means of gearing to 
facilitate inspection from one opening in the motor 
frame. 

ARMATURE 

The armature winding is made up of folded cross- 

over bars which minimize eddy currents. The joints 
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at the back end are silver soldered. There are three 
coils per slot and the armature slots are spiraled one- 
half slot pitch to minimize telephone interference and to 
smooth out the interpole flux. Fig. 10 shows a complete 
rotor. 


STATOR 


Fig. 11 shows the 18 main poles and interpoles in 
each stator of the twin locomotive motor. 


All stator windings are composed of rectangular 
conductors wound into coils of the requisite number of 
turns, insulated with mica tape and introduced into the 
slots through the slot openings. The slots are closed 
with bakelized canvas wedges. The coils of each cir- 
cuit are connected in multiple to bus-rings by means of 


Fig. 11—Frame or 1250-He. Twirn-ArmMature Locomotive 
Moror wite Staror Puncuines Reapy to ReEcrIve THE 
Stator WINDINGS 


silver-soldered joints. After winding the stator is 
impregnated by the vacuum process with an insulating 
and water-proofing compound. 


BEARINGS 


The modern single-phase motors use grease-lubri- 
cated anti-friction bearings resulting in reduced bearing 
maintenance and maintaining uniform air-gaps which 
are of considerable aid in commutation. 


Fig. 12—215-He. Moutriete-Unir Car Motor 


CAPACITY 


The horsepower capacities of these motors compare 
very favorably with those of d-c. traction motors of 
similar weight. For example, a 220-hp. multiple-unit 
car motor weighs 5,600 Ib. and a 625-hp. freight loco- 
motive motor weighs 14,000 lb. These weights do not 
include the gear, pinion, gear cover and axle linings. 
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CONCLUSION 

It will be noted that in the attempt to improve the 
single-phase motor the greatest effort has been applied 
to the commutation at starting. Fortunately, this 
also aids the commutation at speed. 

The other problems encountered in the design and 
construction of single-phase motors are similar to 
those met with in all other kinds of traction motors. 

With this very material improvement in commu- 
tation, the single-phase traction motor can be counted 
upon to give good reliable service with low mainte- 
nance cost. 


Discussion 


C. E. Skinner: The paper forms an intéresting presentation 
of the relations that exist in the single-phase series commutator 
motor and the successful results indicated are notable. 

The fundamental principles have been rather well known. 
In an address in February 1908 Mr. B. G. Lamme stated: 
“The broad statement may be made that it is no more difficult to 
commutate an alternating current than an equal direct current.’’ 

Obviously, if the flux per pole be kept to a sufficiently low 
value, it is possible to obtain black commutation. 

The recent advances in the art which permit a close approach 
to the desired value of low fiux per pole are: 

1. Increased peripheral speed of commutator. 

2. Increased peripheral speed of armature. 

3. Inereased number of armature ampere turns per inch of 
armature diameter. 

4. Use of anti-friction bearings. 

5. Development of suitable auxiliary and control apparatus. 

Increased peripheral speed of commutator has permitted a 
larger commutator diameter for any given rev. per min. as well 
as an increased number of bars per commutator. The increase 
in diameter of commutator together with improvements in detail 
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of construction has permitted the placing of more brush holders 
around the commutator. 

The increased number of bars per commutator, together 
with improvements in mechanical structure and in insulation, 
has permitted a greater number of conductors per armature. 

The inereased peripheral speed of armature obviously obtains 
a given horse power with less torque at the air gap. 

The increase in armature ampere turns, both from increase in 
conductors and in amperes per sq. in., permits a decrease in total 
flux required for any given horse power. 

The use of anti-friction bearings insures uniformity in air gap. 

A uniform air gap lessens losses and duty on the cross equaliza- 
tion. This also insures more uniform current balance in the 
main and interpole field coils and hence.improves the rating. of 
the stator. 

With the increase in number of poles of any given motor the 
external amperes input to the motor increases since the current 
per brush arm is maintained at the same value. 

It is of interest to note that some twenty years ago Mr. R. E. 
Hellmund developed and tested, a low flux motor for multiple 
unit car service. This motor was not considered commercial at 
that time because the unit switches, reversers, ete., available and’ 
required for the external current involved, were objectionably 
large for car mounting. 

During recent years the intensive development program war- 
ranted by important electrification prospects has secured the 
reduction of flux per pole to the permissible economical value 
obtainable with present developed limits of over-all design of 
both motors and control. 

The paper of Mr. H. G. Jungk, printed on page 278, forms 
an interesting contribution to this whole subject. 

The pioneer motor which has stimulated this development was 
constructed of full capacity about three years ago and was 
demonstrated to interested parties shortly thereafter and led to 
the construction of the high-speed locomotives which are now in 
operation. : 

The operating results have been most successful and some 
20,000 miles service has already been reached. 


A Cooperative Electrolysis Survey in Louisville, 
Kentucky 


BY W. C. WHITE: 
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Synopsis.—A cooperative electrolysis survey in the city of 
Louisville, Kentucky, under the direction of an electrolysis com- 
mittee is described. An analysis of a portion of the survey data 


INTRODUCTORY 


HE electrolysis problem has existed in the city of 
Louisville probably as long as in any other city of 
the United States since Louisville was the third city 

in which street railways were electrically operated. Up 
to 1926, the method of attack had been largely upon the 
basis of individual action, by each utility owning under- 
ground metallic structures, in an attempt to mitigate 
specific cases of electrolysis hazard. While these had 
resulted in generally satisfactory conditions of the 
underground cable plants, they had not been as success- 
ful with respect to water and gas pipes. . The absence 
of complete electrolysis data covering the city of Louis- 
ville augmented the difficulty of reducing the hazard 
to the latter structures. 

It was realized that the best engineering solution 
of the electrolysis problem as affecting all utilities could 
be obtained only upon the basis of very complete data 
covering the electrolysis condition of the affected struc- 
tures and detailed information concerning the railway 
system, including those characteristics of the system 
affecting the magnitude and direction of stray return 
current. It was for these reasons that the Gas and 
Electric Company suggested a conference of all inter- 
ested utilities to consider the desirability and practica- 
bility of cooperative action in the making of a compre- 
hensive study of the Louisville electrolysis situation 
and determining suitable measures for improving con- 
ditions generally. Such a meeting was held early in 
1926 and attended by representatives of all interested 
utilities including the City Water Department, the 
Railway Company. and the Louisville Public Utilities 
Bureau. 

The outcome of this conference was the formation of 
the Louisville Electrolysis Committee consisting of 
executives representing each interested utility with 
the chief engineer of the Louisville Public Utilities 
Bureau as chairman. This committee appointed a 
working or technical committee of engineers represent- 
ing each utility and included a consulting electrolysis 
engineer retained by the Gas and Electric Company. 
The expense of the investigation was prorated among 
the interested utilities through the furnishing by each 

1. Southern Bell Tel. & Tel. Company, Atlanta, Georgia. 
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and indicated mitigation measures are given as typical examples. 
The advantages of cooperative action in a general electrolysis survey 
are shown. 


utility of its prorata share of engineering, labor, tools, 
meters, circuits, and materials as agreed upon by the 
general committee. This obviated the necessity for 
special accounting and inter-billing among the various 
utilities. 

The technical committee prepared an outline of a 
proposed test procedure which was endorsed by the 
general committee and steps were taken to put it into 
operation. The first item in the outline of test pro- 
cedure called for a general check up of the various under- 
ground structures by the individual utilities in order to 
correct so far as possible all obviously undesirable or 
abnormal electrolysis conditions. This check up in- 
cluded on the part of the railway company a compre- 
hensive track bond test of their entire system and the 
repair of all bonds found defective; on the part of the 
cable owning companies investigations to make certain 
that all cables were properly cross bonded, that electri- 
cal drainage connections were in satisfactory operating 
condition and that there were no undesirable metallic 
contacts to other underground structures; on the part 
of the pipe owning utilities investigation of all known 
or suspected electrical drainage connections to deter- 
mine which of these connections were in effective 
operating condition. 

When the above work was completed, the technical 
committee started the field work of the general survey, 
which in general comprised a potential survey, a cur- 
rent survey, over-all track drops and gradients, and soil 
resistivity tests. 

POTENTIAL SURVEY 

A potential survey was made of the entire city, tests 
being made at more than 600 locations. 

It is desired to emphasize the importance of a poten- 
tial survey in the investigation of an electrolysis prob- 
lem. The potential survey is the qualitative indication 
of the condition of the various sub-surface structures 
at the point and at the time tests aremade. Therefore, 
for all data to be comparable, tests, in general, should be 
made under normal street railway load conditions, and 
the potential relations of the various structures at each 
test location measured simultaneously. The potential 
readings may be taken either with indicating or record- 
ing instruments. In the Louisville investigation, due 
to both the number of structures involved at each test 
location and to the large area to be surveyed, it was 
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found advantageous to use recording instruments. 
Twelve recording meters of the smoked chart type were 
mounted on a truck and suitable switching arrange- 
ments provided for connecting these by flexible in- 
sulated conductors between various structures and 
between structures and earth (See Fig. 1). To assure 
that connections to the various structures were of low 
resistance, provision was made for testing such connec- 
tions with indicating meters and batteries. Six-hour 
clock movements were used. As the period of test at 
each location was approximately 20 minutes, this per- 
mitted a full day’s test of each particular structure at 
approximately 10 locations to be recorded on a single 
chart. 

Test locations were selected approximately 1,000 ft. 
apart in the outlying areas and approximately 500 
ft. apart in the more congested areas, or in areas of 
positive-to-rail potentials in the case of piping systems 


Wie. 1—Typrrcan Truck EquipreD ror Use In CooPpERATIVE 
ELECTROLYSIS SURVEY 


and positive-to-earth potentials in case of cable 
systems. 

The criterion of electrolysis hazard to metallic sub- 
surface structures is the potential thereof to immediately 
adjacent earth. The best practical approximation of 
this in the case of lead sheathed cables is the measure- 
ment of potentials to earth via the bottom of a manhole 
or an adjacent spare duct. In the case of pipe systems, 
due to the fact that they are in such intimate contact 
with the earth that these values are relatively small 
and due to the usual inaccessibility of adjacent earth, 
the best practical index is the potential to trolley rail 
and other nearby structures. 

At each location, records were made of potential 
differences between all structures and rail, between all 
structures and water pipes, (the water system having 
been selected as a reference due to its being the most 
extensive system), and between all cable systems and 
earth. It is the purpose of cable-to-rail readings to 
determine which structure is probably the disturbing 
element in a particular location as well as to determine 
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the points where drainage may be most advantageously 
applied; for instance a cable may be positive to earth 
yet negative to rails, which would indicate some other 
structure as the disturbing element. The use of water 
pipes as a reference system provided for tie readings 
which served as a check on the reliability of all readings 
taken. 


CURRENT SURVEY 


A current survey of sub-surface structures supple- 
ments the potential survey in determining probable 
hazardous conditions, and furnishes valuable data for 
consideration in the application of remedial measures. 

A current survey of cable systems is a relatively 
simple procedure and in a great many cases will indicate 
hazardous conditions where they would not otherwise 
be located. For example, the potential survey may 
indicate safe conditions at the points of measurement, 
while the current survey may show an abrupt change 
in the magnitude, or even a reversal, of the current in 
adjacent manholes such as to indicate hazardous con- 
ditions between the two manholes. 

Current surveys of pipe systems are generally difficult 
and expensive to conduct unless suitable test stations 
have been provided for this purpose, since the readings 
require the exposure of a suitable length of pipe usually 
by excavation. For this reason current test stations 
should be installed on pipe systems, either when main- 
tenance work is being done on existing lines or during 
the installation of new lines, their proper location 
having been previously determined by a study of the 
pipe systems in conjunction with the railway system. 

Approximately 72 such test stations were installed 
on the water and gas systems at Louisville and 24-hr. 
smoked chart records obtained of the current. Also 
in the study of the problem numerous potential drops 
were taken between services for determining the direc- 
tion of the current. 


OVER-ALL TRACK POTENTIAL DROPS AND TRACK 
POTENTIAL GRADIENTS 


The magnitude of stray currents, in general, depends 
upon the magnitude of over-all track potential drops 
and track potential gradients. High over-all track 
potential drops and track potential gradients result 
from long feeding distances with inadequate return cir- 
cuit conductivity and heavy concentration of return 
current in the rails. 

A large number of over-all track potential drops and 
track potential gradients was made on the Louisville 
Railway system. The over-all drops were 24-hr. 
records and were made from various points of the track 
system to the negative bus, or to the point of low poten- 
tial in the case of insulated return feeder systems. 
The potential gradient measurements were also made 
with recording instruments and covered periods from 30 
min. to one hr. under peak load conditions. These 
data are not only necessary in the study of a general 
electrolysis problem but are of value to the railway 


Mareh 1931 


engineers in the design and maintenance of their nega- 
tive feeder system from the standpoint of railway econo- 
mies. In the design of a feeder system, the peak load 
conditions are in general the determining factors. 

The obtaining of over-all track potential drop data 
would generally be difficult other than in a cooperative 
investigation where the telephone company can furnish 
spare cable pairs to various locations to serve as volt- 
meter leads. These leads, of course, should be tested 
each time use is made of them to insure reliable results. 


SOIL RESISTIVITY TESTS 


Soil resistivity tests were made of some 180 samples 
and while there was a wide range in the resistance of 
some samples, it was found that for the most part the 
soil averaged about 5,000 ohm cm. _ In general this 
would not be considered a high resistance soil and from 
the fairly consistent results obtained it would appear 
that the potential measurements gave directly a fair 
indication of relative stray current interchange between 
affected structures and that the resistance of the soil 
did not by itself account for the areas of high-or-low 
potential differences between structures. 


ASSEMBLY OF TEST DATA 


At the time potential or current tests were made at 
selected locations, a card was prepared giving the 
number and location of the test point and cross refer- 
enced with the corresponding smoked chart records. 
On the reverse side of this card was shown a diagram 
of the test point and the location of structures to which 
connections were made. This was done in order that 
any test could be repeated with identical connections 
at any time. At the conclusion of each day’s test the 
smoked chart records and cards were sent to the office 
where the data on the smoked chart records were 
averaged and recorded on the cards. 

Those portions of the data capable of graphical 
presentation were plotted on suitable maps. These 
maps were skeleton maps of the street railway system. 
The water and gas pipe potentials were plotted to scale 
using the railway track system as a base line. The 
ordinates of positive potentials were shown to the north 
and east of tracks and negative potentials to the south 
and west These ordinates were then connected with 
straight lines and the positive areas colored red and the 
negative areas blue. The cable data were plotted 
in a like manner using, however, duct runs as base lines 
and plotting the potentials of cables to rails and earth. 
Over-all track potential drops and gradients were also 
shown on the maps but the actual numerical values were 
used. 

This manner of presenting data is of advantage, 
especially in a cooperative study, as it furnishes a 
composite picture of conditions and assists in determin- 
ing the disturbing element in any particular location. 
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ANALYSIS OF DATA AND MITIGATIVE MEASURES 


The technical committee arranged to meet once each 
week during the field survey, for the purpose of con- 
sidering the data as they were obtained and to inter- 
change information as to the operation or rearrange- 
ments of any plants which might affect the electrolysis 
situation. 

When sufficient data were obtained in any section 
from which definite conclusions could be reached, 
mitigative measures were recommended in order that 
these might be applied as the survey progressed. 

While it will not be possible to go into the details 
of this phase of the work some of the more important 
points considered in the analysis of data and in the 
application of remedial measures may be mentioned. 

From various data obtained such as track drops and 
gradients, drainage currents, and potential readings it 
was found that a very considerable improvement in the 
electrolysis conditions could be made by beginning the 
operation of the Number 3 substation of the railway 
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SCALE-VOLTS. 


Fig. 2—ILLustTRATION OF GRAPHICAL PRESENTATION OF DATA 


company, one hour earlier in the morning and con- 
tinuing its operation until one hour later in the evening, 
and by operating the Number 2 substation for a 24 
hr. period instead of part time. This recommenda- 
tion was carried into effect. 

From a study of the track drops and gradients it was 
felt that some of these were excessive. Additional 
substations, with the resultant shortening of feeding 
areas, were recommended as a means for reducing 
the high over-all track drops and these are now being 
considered. 

Even where over-all track potentials are not of them- 
selves excessive, unequal drops on long paralleling or 
approximately paralleling lines may produce hazardous 
electrolysis conditions. This is illustrated by the 
following’ case which also shows the necessity for com- 
plete reliable data in the solution of the problem. 

In the Number 8 substation area there are three long 
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paralleling lines, viz.: the Broadway, Madison and 
Market Street lines, with no cross lines for intercon- 
nection. The potential survey showed that positive 
pipe-to-rail potentials existed throughout the length 
of the Madison Street line, which was the center line. 
The over-all track drops to the Number 3 substation 
negative bus were approximately 9, 3, and 8 volts re- 
spectively from Broadway, Madison and Market 
Streets (see Fig. 2). The Broadway and Market 
Street Lines were of older construction and heavily 
loaded while the Madison line was of new welded rails 
and lightly loaded. It was therefore evident that the 
positive potentials were due to shunting currents from 
the Broadway and Market lines to the lower potential 
line on Madison Street. The method which was recom- 
mended and carried out for correcting this condition 
provided for additional negative feeders to the Broad- 
way and Market lines, insulating the negative bus in the 
Number 3 substation and installing resistance grids in 
the short feeder attached to rails near the junction of 
the Madison Street line. 

These positive conditions upon the pipes had been 
known for a number of years but the absence of suf- 
ficient data made the engineering solution difficult. 

Considerable positive cable-to-earth potentials in 
the downtown section were eliminated by equalizing 
potentials through fused interconnections of the cable 
systems. The railway cables were found to be heavily 
drained and it was recommended that these be brought 
nearer earth potential by limiting the drainage currents. 
At one point it was found that more than 100 amperes 
was being drained from the power cables and that the 
telephone cables also required drainage at that point. 
Upon recommendation of the technical committee 
these two cable systems were interconnected and it was 
then found that a drainage current of approximately 35 
amperes was sufficient to maintain both systems at a 
satisfactory negative potential to earth. 
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While reduction of stray current is of primary im- 
portance in mitigating electrolysis hazard to under- 
ground structures, cable systems usually require, as a 
supplementary measure, the application of a certain 
amount of drainage for the reason that the corrosive 
action on lead is rapid and the sheath relatively thin. 
Fortunately a cable system lends itself very readily to 
drainage due to the continuity and good conductivity 
of the sheath. In general, cable drainage should be so 
designed as to keep the cable system slightly negative 
to earth. 


It has generally been found that electrical drainage 
is only a partially effective measure in the protection of 
pipe systems. With pipe systems a more satisfactory 
supplementary measure, to the limitation of stray cur- 
rent in the earth, is the reduction of pipe system con- 
ductivity by the installation of insulating or high 
resistance joints. While there may be some isolated 
cases where drainage would be beneficial, pipe drainage 
should be resorted to only after careful study and the 
installation should be so made as to be readily accessible 
for test purposes. 


CONCLUSION 


In conclusion, itis worthy of note that in the conduct 
of the general survey, of subsequent special tests, and 
of all the work undertaken by the Technical Committee, 
the active interest and cooperation of the represented 
utilities were continuously in evidence. In a large 
measure the results attained and the work accom- 
plished were due to this interest and cooperation. 
Realizing that it would be a serious loss to the cooperat- 
ing utilities individually, and collectively if the benefits 
gained through this cooperation were allowed to lapse, 
the Technical Committee has continued in active exis- 
tence and functions as a central clearing house for the 
investigation of all matters relating to electrolysis in the 
city of Louisville. 


Electric Power in the Lumber Industry 
BY A. H. ONSTAD* 


Non-member 


Synopsis.—In the preparation of this article an attempt has been 
made to show the development or growth of the use of electric power 
transmission in the lumber industry. More particularly in that 
branch of the industry that is engaged in falling trees, hauling them 
to the mill and sawing these trees into lumber units of the size used by 
builders and manufacturers of finished articles in which wood is the 
raw material. 


HE advantages of the use of electric power trans- 


mission and electric drive in the lumber industry’ 


are many. Fuel economy, however, has not, 
until very recently, been counted with the advantages. 

When considered, only from the angle of fuel econ- 
omy, electric power had no advantage, except in a few iso- 
lated instances, over any other power as applied to the 
lumber industry until within the last decade. The 
raw material of the lumber industry, namely trees, is 
one of the earliest fuels used, and is still used as such in 
large quantities outside of the lumber industry. 

The lumber industry has such an over abundance of 
this fuel that when cutting the trees into logs, prepara- 
tory to hauling them to the mill, the loggeris very careful 
not to send to the mill logs that will not produce a high 
percentage of merchantable lumber. The sawdust 
produced in sawing boards is usually enough for all 
power needs. Any additional wood waste must be 
burned in refuse burners which are expensive to build 
and maintain and which usually scatter partly burned 
particles of wood over a great area with many attendant 
evils. . 

It would be hard to say when electricity was first 
used in the lumber industry. The writer recalls 
“shooting trouble’ on an Edison belted bi-polar 
machine, which was connected to its load through a 
switchboard having the switches and such instru- 
ments as there were, mounted on a wooden panel, 
having an elaborate molded trim which would be a 
credit to any cabinet maker or furniture maker. When 
installed, this equipment was the last word in electrical 
equipment. 

The advantages of the use of electricity for the dis- 
tribution of power. around a lumber manufacturing 
plant, aside from that of fuel economy, was early 
recognized and its use for this purpose began about 
twenty-five years ago. Prior to the adoption of electric 
power transmission a lumber plant had two or more 
complete power plants each with its complement of 
boilers, engines, pumps, etc., and a full operating force. 
One for the sawmill, one for the planing mill and some- 
times one for the box factory or other side line or power 

*Weyerhaeuser Timber Company, Tacoma, Wash. 


Presented at the Southern District Meeting No. 4, of the A.I.H.E., 
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An attempt has been made to show the general scope to which 
electricity is used, without including any technical descriptions of 
individual applications. It was felt that this can be best accom- 
plished by a general description of its use throughout one of the most 
recently constructed and most modern manufacturing units in the 
Pacific Northwest. 


user that could not be reached by belt or rope drive 
from the sawmill power plant. 

The development of the low pressure and mixed 
pressure turbo generators stimulated the adoption of 
electric power distribution. By installing a mixed 
pressure turbo generator in the sawmill power house, 
arranging it to take the exhaust steam from the sawmill 
engine which was usually a Corliss engine and all the 
steam from the many steam cylinders in the mill, 
enough power could be generated to run the planing mill 
and other departments without drawing on the boilers 
for very much live steam. The cost of the installation 
of the generating equipment, plus the cost of the electric 
drives in the planing mill frequently exceeded the cost of 
a separate power plant for the planing mill, but the 
investment was justified by the reduction of the operat- 
ing force and maintenance costs. 


Many of the early applications of electric drive, or 
uses of electric power in the lumber industry that are 
still in use, would be hard to justify as being improve- 
ments of older and different methods. However, 
considering the equipment the designers and builders 
had to work with, the lumber industry rates as well 
as any other industry in this respect. 

The multitudinous advantages of electricity for the 
distribution of power is now so fully recognized that it is 
accepted without question as the most economical 
method. 

Changes being made in the method of lumber milling 
are steadily increasing the kilowatt hour consumption 
per unit of lumber, reaching as much as 121 kw-hr. per 
1,000 ft. board measurein some mills that carry the manu- 
facture to a fine degree. This change is also increasing 
the demand for process steam. 

These changes, along with the possibility of selling all 
surplus power to public utility companies, or other 
power consumers, are placing a higher value on the mill 
refuse so that instead of surplus mill refuse being a 
liability it now has monetary value at many plants. 

With such a contract for the sale of surplus power the 
mill company can run its generating equipment at 
nearly 100 per cent load factor, and if it has sufficient 
power plant equipment it can turn all its waste fuel 
(mill waste) into revenue. 

This has made it imperative that efficient power 
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plant equipment be installed for the conversion of fuel 
into power. Also that the motor applications are made 
with a view to conservation of power as well as con- 
tinuity of service. 

An example of this is the recently completed plant of 
the Weyerhaeuser Timber Company at Longview, 
Washington. 

The generating equipment at this plant consists of 
two 7,500-kw., 80 per cent power-factor, 2,300-volt, 
three-phase, 60-cycle, turbo generators. These tur- 
bines operate from steam at 300-lb. gage per sq. in. 
at the throttle; superheated to 580 deg. fahr. When 
operating at full speed load 150,000 Ib. of steam per 
hr. at a pressure of 125 lb. gage, may be bled from 
each machine. This bled steam is used in the heating 
coils of the lumber drying kilns. 

Two 500-kw., 250-volt, d-c. generators driven by 
synchronous motors supply current for 27 cranes used 
for handling lumber, as well as direct current for other 
d-c. motors and for the exciting current for the syn- 
chronous motors. 

In use at the present time are 1,200 motors, not 
including motor-driven tools, such as portable drills 
and grinders, motor-driven electrical welding sets, 
electrical-driven clocks, and motor-driven office appli- 
ances. These 1,200 motors aggregate 23,849 hp. 

The motors are divided as follows: 

71, 2200-volt synchronous motors. . . total 10,645 hp. 
30, 2300-volt induction motors...... total 2,875 hp. 
1021, 550-volt induction motors...... total 8,575 hp. 
78, 220-volt direct current motors..total 1,754 hp. 

The load on this power plant with its 23,849 hp. 
averages 7,000 kilowatts. By the use of synchronous 
motors as here applied the power factor of the load is 
96 per cent leading. 

Electric power is now being used advantageously in 
every branch of the lumber industry. It is being used 
in the woods in a limited way for driving portable saws 
for falling trees and bucking them into log lengths. 
These saws consist of chains, with cutter teeth attached 
to one side of the links. These run over two sprockets, 
one mounted at each end of a light steel frame that 
serves to hold the sprockets in position and forms a 
guide for the saw chain. An especially designed motor 
of about five horsepower capacity, geared to the driver 
sprocket furnishes the power for driving the saw. 
Power for the operation of these saws is taken from near- 
by transmission lines, or from small gas-driven generator 
sets, which may be used for supplying power to several 
such saws working within a limited area. 

Electric power is being used in a limited way for 
“yarding and loading” logs. This is the operation of 
dragging the log from where it was cut out of thetree and 
loading it aboard thé cars for shipment to the mill. 

The equipment in use varies for various sections or 
growth of timber. On the Pacific Slope of the Cascade 
Mountains, (the area where this equipment is used to 
the greater extent) the equipment resembles heavy 
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duty hoisting equipment, both in mechanical construc- 
tion and load characteristics. 

The yarder is that part of the equipment that is used 
for dragging the log from the point where it has been cut 
out of the tree to the railroad siding for loading onto 
cars. Two full load line speeds are provided. A high 
speed being 1,800 ft. per min. and the low speed being 
900 ft. per min. The higher speed is used on the 
smaller logs, and the lower speed used for the heavier 
logs. This variation of speed is obtained through re- 
duction gears of different ratios connected to the drum 
by friction clutches. The usual equipment is a 300-hp. 
wound rotor type motor having a wide range of speed 
control through secondary resistance. ‘These motors 
are designed for a pull out torque of approximately 
300 per cent. The service is such that these motors 
are frequently loaded to the stalling point. 

The loading end of this logging equipment usually 
consists of two, 75- or 100-hp. wound rotor type motors. 
The hoisting line of the loading equipment .passes 
through sheaves properly supported over the load. 
The usual procedure in loading a log is to fasten one 
hoisting line at each end of one log; the log can then be 
manipulated through these double hoists so that the 
one end may be lowered onto the car ahead of the 
other, to conform to the requirements of binding the 
logs into the load in such a way that they will safely 
arrive at their destination at the mill pond. 

For a large operation, on which load factor or days 
of operation per year is high, and in which life of opera- 
tion is long enough to permit of reasonable obsolescence 
charges, this has proven profitable. 

One serious disadvantage to the use of electrical 
equipment for woods operation, however, is the danger 
of loss of equipment by fire. The cost of electrical log- 
ging equipment is so great that the units are only built 
on order. The time required to replace a machine or 
repair one damaged by fire would be so great as to result 
in too severe a loss of production to warrant the adop- 
tion of electric power for logging operations except in 
a few special cases. 

While the loss by fire is insurable, as far as property 
damage is concerned, it would hardly be practical to 
carry “use and occupancy” coverage on account of 
the cost of such coverage. 

Electric power for the propulsion of the trains haul- 
ing the logs out of the woods is being used in one or 
two instances. Insufficient tonnage on the average 
logging railroad will prevent its general adoption for 
this purpose. The load center of a logging operation 
is anywhere from 15 to 30 miles from the center of the 
mill. The average number of trains over this main 
line section of a logging railway would probably be 
three trains each way per day. The branch lines 
radiating into the woods from this main line railway are 
seldom in service over a period of more than six months. 
In the case of the main line, electrification of the road 
would represent a large investment in the electrical 
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installation for comparatively few trains. For the 
branch lines this same electrification investment would 
be necessary and on account of the short period of 
service of these branch lines, electrification would 
not be economical. 

There is no specific rule governing the application of 
motor drive to sawmill machinery. The power re- 
quired for driving the various sections can be computed 
using the same laws that govern the application of 
electric drive to any other line of machinery. 


Before attempting to compute the motor require- 
ments for these applications, however, one making 
these computations should be thoroughly familiar with 
the possible loading of the various sections to be driven. 
In applying motor drive to live rolls and transfer chains 
the matter of obtaining sufficient starting torque is 
usually the prime consideration. The length of the 
roll trains and transfer tables is so short that if they 
are left in operation for a period of a minute or two they 
will completely unload all of the material that is on 
them. 

Full voltage across the line starters is used for all 
motors, except wound rotor type and direct current 
motors. 

Selecting the proper starting equipment requires 
considerable thought for with the frequent starting 
and stopping of the various sections the duties imposed 
on the starting equipment is even more severe than that 
imposed on the motors. Maintenance men spend more 
time keeping the starting equipment in good operating 
condition than they do the motors themselves. 

There are many applications where thermo type over- 
load relays will not function if the doors of the cabinets 
enclosing the starting panels are left closed. This is 
due to the rise in temperature within the cabinets 
caused by the are created in opening the circuit of the 
motor. Some of the transfer tables in the mill are 
started on an average of four to five times per minute. 

One of the advantages of motor drive is the ease 
with which the machinery can be started and stopped, 
which permits running the machinery only through the 
period that it is actually engaged in moving lumber. 
As this in many eases is only a small fraction of the 
total working time of the shifts, considerable wear and 
tear of the machinery is prevented by stopping its 
movement when not actually needed. 

Among recent applications of starting equipment 
that has proven worth while is the automatic starting 
and stopping trains of live rolls and transfer chains to 
permit the movement of lumber over them. For 
instance a train of several sections of live rolls may be 
used for carrying timbers to the timber dock. As 
these timbers do not come with any degree of regularity 
the rolls need operate only a small portion of the time, 
with a trip pan arrangement placed between successive 
rolls throughout the length of the route. These trip 
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pans are mechanically connected to the starting stations 
of the motors driving the sections, in such a manner 
that when the pan is depressed by the timber going 
over it, the motor is started and is kept in operation 
until all of the pans in that train of rolls are free to 
raise to the up position. With such an arrangement 
each section of rolls is started as the timber approaches 
the rolls and automatically stops when the timber has 
gone over the section. 


Adapting individual motor drive to the machinery of 
a lumber plant presented many perplexing problems. 
With few exceptions, the speed of the final drive of 
sawmill and wood working machinery can be placed in 
two groups; a slow-speed group and a high-speed group. 

Log hauls, transfer tables and conveyors belong to 
the slow-speed group, with final speeds, ranging from 
1% to 25 rev. per min. Live rolls drives ranging from 
100 to 175 rev. per min. can also be placed in this 
class. 


It was not until the so-called herringbone type gear 
was developed and it became practical to build speed 
reducing power transmissions of large reduction ratios 
that individual motor drive for these slow-speed groups 
became practical and economical. Now reduction 
ratios of 150 to 1 with high efficiency may be obtained. 
This permits the use of motors of 1,200 to 1,800 rev. per 
min. to be used for practically every slow-speed drive, 
resulting in better electrical load characteristics and 
greater economy of installation. 


The standard ratios for gear reduction units in use 
by the Weyerhaeuser Timber Company are in multi- 
ples of ten; 72. e., units having ratios of 10 to 1, 20 to 1, 
40 to 1, 60 to 1, 80 to 1, 90 to 1 and 120 to 1 seem to 
fit all our needs. A further refinement of speed adjust- 
ment being in the chain drive from the reduction unit 
to the driven machine. Steel roller chain of numbers 
6, 7, 8 and 10, with double 8 and double 10, being 
used for extra heavy drives, are used for these final 
connections. 


The cutting speed for the teeth of saws and the knife 
type cutters of wood working machines range from 
8,000 to 14,000 ft. per min., which. calls for speeds rang- 
ing from 300 to 7,200 rev. per min. These can be 
classed as high-speed drives. 

The mechanical connection between these and motors 
of economical speed characteristics did not present the 
difficult problems involved in the slow-speed drives. 


Recent developments in planing mill machinery such 
as matchers, molders, and saws, have opened a new 
field for the use of high-speed direct-connected motors. 
A large modern matcher has eight motors, totaling 
270 hp., built into the machine. For these applications 
the machine manufacturers buy the rotor without a 
shaft, and the stator without a frame, and incorporate 
these in the construction of the machines. 

It might be interesting to know that the modern 
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matcher (commonly called a planer) has the following 
motors, placed as follows: 
3600-rev. per min. motors 


Top cylinder........... Two, 40-hp., 

Bottom eylinder........ One, 40-hp., 3600-rev. per min. motor 
Outside side head....... One, 30-hp., 3600-rev. per min. motor 
Inside side head........ One, 25-hp., 3600-rev. per min. motor 
Top profiler............ One, 30-hp., 3600-rev. per min. motor 
Bottom profiler......... One, 25-hp., 3600-rev. per min. motor 
eed works. vee ores One, 40-hp., 1200-rev. per min. motor 


As the cutter head cylinders all turn in ball bearings 
and are very carefully balanced and heavy, they will 
continue to run for 10 or 15 minutes after the cur- 
rent has been cut off the motors. To make it possible 
to stop these quickly the control is equipped for plugging 
service so that when it is necessary to stop a head or 
cylinder for any purpose the motor is plugged, bringing 
it to a stop in a few seconds. 

Modern molders are built for variable speeds of the 
spindle. This variable speed is obtained by varying the 
frequency of the circuit by the use of frequency changes. 
For normal work the cylinders are equipped with six 
or eight knife cutters and usually operate at 3,450 rev. 
per min. For the exposed surfaces of the molding 
that require a finer finish the particular heads being 
used for this exposed surface are speeded up by changing 
the frequency to 6,000 or 7,200 rev. per min. The 
control equipment is so arranged that the speed of any 
one or all of the five cutter heads or cylinders of the 
molder may be increased. 

Two types of loads are selected for synchronous motor 
drive. First; widely fluctuating loads having a low- 
load factor, such as bandmills, edgers, slasher, trimmers, 
and hogs: Second; large loads of high-load factors such 
as fans, pumps, and air compressors. - 

Synchronous motors are not used on drives that 
require frequent starting. 

The synchronous motors range in size from 50 to 
400 hp. and in speed from 225 to 1800 rev. per min. 

All synchronous motors are wound for 80 per cent 
power factor and have a pull-in torque of 100 per cent 
of full load torque. All synchronous motors are started 
with automatic, full voltage, across the line starters and 
with few exceptions are all excited from the 250-volt 
buses or feeders that supply power to the cranes and 
direct motors throughout the plant. 

Synchronous motors located so far from the d-c. 
lines that the cost of a d-c. circuit to the motor for 
excitation would cost nearly as much as an exciter, 
are equipped with direct-connected exciters. 

Synchronous motors have proven very satisfactory 
for widely fluctuating loads. The application to driving 
hogs being a striking example. Motors of 250 hp. at 
600 and 720 rev. per min. and 400 hp. at 600 rev. per 
min. are used for this. These motors have the field 
control relays so adjusted that when the motor pulls 
out of step due to overload, the field excitation is cut 
out, and will automatically be restored when the motor 
again approaches synchronous speed. This may, occur 
as many as 100 times during an 8-hr. shift. 
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The 2,300-volt induction motors range in size from 50 
to 250 hp. These are mostly wound rotor type motors 
driving machinery requiring frequent starting, or 
machinery which will not permit of the severe strains 
imposed on it by the full voltage across the line starting. 
Some equipment requires limited speed control and for 
this purpose the wound rotor motor with drum type 
controllers is also used. 

Induction motors of 50 hp., and smaller ratings are 
wound for 550 volts. 

Except in sizes of 744 hp. and smaller, the 550-volt 
induction motors are of the so-called double wound 
rotor type. These have the starting characteristics of 
the high-resistance rotor motor and the running charac- 
teristics of the squirrel-cage type motors. 

One unusual motor application in this mill is that 
employed for driving the main bandsaw in the mill. 
For the regular run of fir logs a saw speed of 10,500 ft. 
per min. is the ideal speed. For a certain species fir 
log, one of exceptionally dense growth or one that has 
been dead for such a long period as to cause the wood to 
partially dry out, or for the logs that are frozen, such as 
occurs during the winter months, a saw speed of 8,000 
ft. per min. is the most practical speed at which to run 
the saws. As these logs that require the slow-speed 
saws for sawing are mixed promiscuously with the softer 
texture logs, the custom has been to saw them all with 
the higher speed saw which has resulted in erratic saw- 
ing of the hard or frozen logs. At this Longview mill 
we arranged for practically instantaneous speed changes 
from 10,500 to a speed of 8,400 ft. per min. This was 
accomplished by putting two synchronous motors on 
one motor base, with the shafts rigidly coupled to- 
gether, driving the same pulley. A 400-hp. 600-rev. per 
min. motor was installed as the main motor to use in 
starting the bandmill and for sawing the average run 
of logs. The other motor was a 250-hp. 450-rev. per 
min. motor. While the large motor is used for furnish- 
ing the power the small motor is disconnected from the 
line so that the only power required to drive it is that 
necessary to overcome the windage losses. When a 
hard log is sawn the sawyer, by pressing two push 
buttons, disconnects the large motor from the line and 
connects the small motor, which drops the speed of the 
saw to 8,400 ft. per min. The change from one speed 
to the other being made as frequent as the sawyer deems 
it necessary to make the changes. 

Another unusual application of electric power to 
sawmill machinery is in driving the feed works of the 
larger edgers. The edger is the machine that rips the 
boards and timbers into the desired widths. The edger 
arbor on which the saws are mounted is direct-connected 
to a 400-hp. 80 per cent power-factor, 1200-rev. per 
min. synchronous motor. The feed rolls that feed the 
stock into the edger are driven by a 10-hp. series wound 
motor through reduction gears and chain drive. These 
are so proportioned that with no load on the motors 
the surface speed of the rolls will pull the lumber into 
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the edger as rapidly as good work can be done with the 
saws. As larger and thicker pieces are sent through the 
edger the load on the feed works motor increases and 
automatically decreases the feed so that the thicker 
stock is fed into the edger more slowly. The speed 
characteristic of the 10-hp. motor is such as to auto- 
matically provide the proper rate of feed into the saws 
for the varying thickness of material being sawn. 

Another application of electric current is by the use 
of solenoids for remote operation of cylinder valves. 
By use of solenoids for this purpose the valves of cylin- 
ders can be operated from several distant points. 

Among unusual applications of electric power to 
sawmill machinery is that used by the Weyerhaeuser 
Timber Company at their Mill “C”’ Everett, Washing- 
ton. This millis located approximately three-quarters 
of a mile away from the power plant. The mill is 
equipped with individual motor drive throughout but 
differs from the usual mill in the respect that no steam 
is used in the mill for any purpose. This mill is so far 
from the power plant that the cost of a well constructed 
steam line was such that it was decided to use com- 
pressed air in place of steam for operating all lifting 
cylinders, loaders, niggers, etc. 

A two stage air compressor having a capacity of 1,500 
cu. ft. of free air per min., driven by a 250-hp. syn- 
chronous motor furnishes all of this compressed air. 

For driving the sawmill carriage a slow speed d-c. 
traction type elevator motor was used. This motor 
differs from the elevator motors in that it is not rated 
in horsepower. ‘The specifications for the motor called 
for a torque of 12,500 Ib. rather than the conventional 
horsepower rating. Power for this motor is taken from 
a motor-generator set consisting of a 75-hp., three- 
phase motor driving two d-c. generators; one for 
furnishing current to the armature of the motor and a 
smaller one for furnishing the current for exciting the 
fields of the generator and the motor. 

The armature leads of the motor are directly con- 
nected to the armature terminals of the generator. 
Full field is left on the motor at all times. The speed 
of the motor is controlled by varying the voltage of the 
generator through field resistance placed in the field 
circuit of the generator. Reversal of the motor is 
' effected by reversing the fields of the generator. 

This motor is connected to the carriage through wire 
ropes, one end of which is securely fastened to the 
carriage; the other end being fastened to a 30-in. di- 
ameter sheave on the motor shaft. 
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The cycle of operation of this unit is two revolutions 
in one direction and then two revolutions in the oppo- 
site direction. Under normal operation this unit 
makes from seven to thirteen cycles per min. 

Owing to the lack of ventilation, because the toute 
does not set up any windage through the coils by its 
own revolutions, it was necessary to provide artificial 
ventilation. This was accomplished by enclosing the 
motor in a galvanized iron housing and forcing cool air 
through this housing by the use of a motor-driven fan. 

Accurate and quick speed control of a sawmill car- 
riage is absolutely essential. The method used in the 
control of this drive, which is the Ward Leonard Sys- 
tem, has proven highly satisfactory in every respect. 

The newest use to which electricity has been placed 
in the sawmill industry is that of the Taglibue-Hep- 
penstal moisture indicator. This consists of a case in 
which is mounted a battery, some amplifying tubes and 
transformers and anammeter. Long flexible leads from 
this cabinet are connected to two sharp terminals in a 
small portable handle that the lumber tester carries 
with him when inspecting lumber. 

By driving the steel terminal points that are on the 
handle into the wood, a current is set up in the circuit, 
the amount being governed by the moisture content of 
the wood. The value of this current is calibrated as 
percentage moisture content of the wood. 

This method of testing for ‘dryness of lumber’ has 
proven so dependable that it is now a standard for 
testing lumber that is bought on a specification calling 
for a definite moisture content. 

Storage battery locomotives usually of seven ton 
capacity having 225-ampere hr. batteries are used for 
the transportation of lumber from one department to 
another, where these departments are so arranged. that 
transportation cannot be readily accomplished by 
crane service. These locomotives run on a 30-in. gage 
track pulling four wheel industrial cars equipped with 
roller bearings. As the tracks are in good alinement 
and the grades are practically eliminated, one locomo- 
tive will haul a train of 15 cars or 60 tons on one charge 
of the battery and stay in service an 8-hr. shift 
without recharging the battery. 

Small storage battery trucks and lift trucks are used 
in some departments for stacking certain items of lum- 
ber and for short distance movement of lumber. 

With modern industrial lighting units it is possible to 
provide illumination so suited to the work that produc- 
tion can be carried on at night withas high a rate of 
efficiency as that obtained during daylight operation. 


Progress in the Design of the Single-Phase 


Series Motor 
BY H. G. JUNGK! 


Associate, A. I, E. E. 


Synopsis.—T he paper deals with the development of the design 
of the single-phase series motor and some of the main features 
in both electrical and mechanical proportions which determine 
the service capacity in the application of this type of motor to railway 
electrification. 

Intensive study and development begun in the early part of 1927 
resulted in the production of a singe-phase series motor with more 


HE single-phase series motor for 25 cycles has been 
4p developed to the stage where it fulfills the present 
day railroad requirements, that is, high horse- 
powers per axle at high speeds. A high-speed passenger 
locomotive equipped with single-phase series motors 


with shunted interpole developed and built by the . 


Westinghouse Electric & Manufacturing Co. has been 
operating since July, 1930. The continuous rating is 
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more than 1,000 hp. per axle at 56 mi. per hr. In 
service the locomotive has exceeded the performance 
for which it was originally designed and has clearly 
demonstrated that it is now practical to build a 25- 
cycle single-phase locomotive for as high as 75,000 Ib. 
axle loading geared to operate at a maximum sustained 


1. Design Engineer, Westinghouse Elec. & Mfg. Co., Hast 
Pittsburgh, Pa. 

Presented at the Southern District Meeting No. 4, of the 
A. I. E. E., Louisville, Kentucky, November 19-22, 19380. 


than enough capacity to meet the present day requirements of the 
American railroads. A brief description is given of this motor and 
of some of the novel features which made this recent progress possible. 
Since this motor was developed, built and tested, further possibilities 
of increasing rating or decreasing the size and weight for the same 
rating have been found and will result in further progress in the 
design of the single-phase series motor. 


speed of 90 mi. per hr. The characteristic curves are 
shown in Fig. 1. 

This development was started more than three years 
ago in spite of the fact that at the time opinions were 
expressed that such a design was impossible. The out- 
standing features which made this possible were: 

a. Roller bearings. 

b. Commutators and armature windings designed to 
operate at higher peripheral speeds than heretofore 
considered good practise. 

c. More compact ventilating scheme. 

d. Improved quality of magnetic material. 

e. Rolled steel housings and welded frames. 

f. The disk spring commutator. 

g. Improved designs of gears, pinions and mechani- 
cal drive. 


Considerable‘credit is to be given to the European 
designers and manufacturers of single-phase railway 
apparatus in Germany, Austria, Switzerland, and 
Sweden, especially to the German engineers who were 
the first to apply generally roller bearings to locomotive 
motors in order to take advantage of the higher pe- 
ripheral speeds on 1624-cycle single-phase series motors. 


Once the fact was demonstrated that such high 
ratings were also possible on 25-cycle single-phase 
series motors, a number of further improvements has 
been found which permit the design of motors of even 
larger capacity in the same space and weight. The 
development of the single-phase commutator motor 
cannot be attributed to any one manufacturing firm 
or group of individuals. Its development is nearly as 
old and as broad as that of alternating current. The 
purpose of this paper is to describe briefly its history 
and how evolution led to the present day designs. 


The single-phase commutator motor, though the 
fact is not generally recognized, followed closely the 
conception of the synchronous motor which was the 
first a-c. motor. The original designs were patterned 
after the d-c. series motor. The first appearance in 
literature of the mention of the possibility of such a 
motor was in 1884 by Alexander Siemens. This was 
followed by the experiments and attempts.of Elihu 
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Thomson in 1887 with the repulsion motor. Although 
not entirely successful the idea was followed up and in 
1892, E. Arnold brought out a more successful repul- 
sion motor which embodied the principles of the repul- 
sion, the doubly fed and the series motor. This led to 
the Wagner and to the Deri motors which were devel- 
oped for industrial application on 50 cycles or higher 
frequencies. The difficulties of commutation on the 
higher frequencies at this time, together with the 
advent of the induction motor, pushed the a-c. series 
motor into the background until after 1900. 


The first real impetus to a practical application of the 
series motor for traction purposes came in 1902 when 
B. G. Lamme brought forth a single-phase series motor 
for railway application and emphasized the importance 
of a low frequency, having chosen 15 cycle for his motor. 
Independent developments in Europe at about the same 
time brought out a test locomotive for the Prussian 
State Railways in 1903 as a result of the endeavors of 
Winter, Eichberg, and Latour. 


The first outstanding electrification was that of the 
New York, New Haven and Hartford Railroad in 1907 
in which Lamme and Storer designed and built re- 
sistance lead series motors which are running success- 
fully today. The principal objectives of Lamme for 
this development of the series a-c. motors, notwith- 
standing certain limitations in design, are given as 
follows: 


a. To make use of the outstanding advantage of the 
series motor for traction purposes in conjunction with 
the alternating current high-voltage contact system 
which permits the maximum concentration of power 
in a given section with the minimum size of conductors 
and supporting structure and substation capacity, as 
well as high transmission efficiency. 

b. To obtain a motor with minimum power require- 
ments for acceleration. 

ce. To obtain a motor whose tractive effort could be 
maintained within limits over the entire speed range by 
varying the voltage of the motor, irrespective of motor 
combinations, by change in transformer taps, thus ob- 
taining a maximum output. 

Several outstanding features resulted from this New 
Haven Electrification: 

a. Some of the passenger locomotives were operated 
at speeds of over 100 mi. per hr. but at a limited ca- 
pacity because the axle loading was around 40,000 lb. 
and gearless motors were used. 

b. The individual axle drive of the flexible quill type 
was developed for 

1. Gearless motor (No. 130 motor). 
2. Geared single motor (No. 403 motor). 
3. Geared twin motor (No. 409 motor). 

The gear twin motor with flexible quill drive has made 
it possible to design. for considerably more horsepower 
per axle with smaller high-speed motors and narrow 
gear face. 
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ce. Single-phase multiple unit cars. 


Considerable independent development took place in 
Kurope at this time. The work of Dr. Behn Eschenberg, 
R. Richter, and M. Latour produced the series motor 
with the compensating winding and series interpole 
shunted by resistance. The limitations of short-circuit 
currents in coils undergoing commutation were inves- 
tigated and the combination of a brush, two bar pitches 
wide with a limit of 7 volts from one tip to the other was 
established, limiting the maximum flux per pole at 
start to 


1.6 megalines at 50 cycles. 
3.2 megalines at 25 cycles. 
5.38 megalines at 15 cycles. 


Dr. Behn Eschenberg in 1908 had investigated tele- 
phone disturbances caused by armature slots and 
recommended that the slots be skewed to minimize this 
effect. These general limits of electrical design char- 
acterize the designs of today. 


The first experimental series motor with interpoles 
which the Westinghouse Electric & Manufacturing Co. 
built was in 1911. This motor had low flux per pole 
and interpoles shunted with resistance. - Mr. Hellmund, 
in his tests with this motor, found most of the relations 
which characterize the designs of today but could not 
take full advantage of them at that time because both 
switches and reversers were then too big and heavy to 
handle the larger currents economically. 


The doubly fed motor with repulsion start worked 
out better with the available control apparatus and 
this type of motor was applied to multiple unit cars. 
Considerable development of the doubly fed motor 
took place in which Arnold, Richter, Hellmund, 
Alexanderson, Punga, Latour and others did con- 
siderable to advance the art. The original and major 
number of motors used on multiple unit cars of the 
Pennsylvania Railroad at Paoli are: of the doubly fed 
type, and the armatures of these motors were the first 
to be wound with the split-throw? or fractional-pitch 
windings to improve commutation. 

The World Warretarded progress a second time—more 
in Europe than in America of course—and it was not 
until 1919-20 that a multiple-unit car equipped with a 
single-phase series motor. with resistance shunted inter- 
poles was tried out in service on the Paoli line at 
Philadelphia. Weakening of the exciting field at start 
was tried on this equipment by connecting the fields 
of two motors in parallel at start and then changing to 
fields in series for the running connection. A second 
trial equipment in 1924 was tried in service with the 
field shunted by a reactor to reduce the field strength at 
start. This motor is still operating satisfactorily in 
daily service. 

In 1923-24 a large locomotive motor of the single- 
phase series type with shunted interpole was designed 


2. Patent No. 1298705, R. E. Hellmund, April 1, 1919. 
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and built for gear and side rod drive on the Pennsyl- 
vania Railroad. 

As Europe recovered from the war considerable 
progress was again made in Germany, Austria, Switzer- 
land and Sweden, where the single-phase systems were 
adopted as standard for electrification. The single- 
phase series motor with shunted interpole was generally 
applied with a definite trend toward individual axle 
drive. The doubly fed motors and _ resistance-lead 
motors were set aside. The necessity for smaller 
motors with greater capacity brought on an intensive 
development, both in drive and in mechanical construc- 
tion. Attempts were also made to exceed the estab- 
lished limits in electrical design. 

In Germany, Siemens-Schuckert concentrated on 
Geh. Reichel’s objective of a single axle-hung motor for 
passenger locomotives and succeeded in developing 600 
hp. per axle with 44,000 lb. axle loading for a maximum 
speed of 62 mi. per hr. The application of roller bear- 
ings and an increase in peripheral speed of commutators 
to 9,000 ft. per min. were the main features which made 
this possible. 

AHG.* engineers directed their efforts toward produc- 
ing the Kleinow locomotive with twin motor per axle 
drive and succeeded in producing a locomotive with 
700 hp. per axle within the limits of 44,000 Ib. axle 
loading and 60 mi. per hr. maximum speed. 


In Austria, Siemens-Schuckert produced a passenger 
locomotive with vertical motors and, although a novel 
departure in drive construction, has given good results. 

Brown Boveri Co. built locomotives with their single 
motor per axle drive and omitted the compensating 
winding in the pole face but used the shunted interpole 
in an effort to increase the number of poles on the 
motor. The outstanding result of their work was to 
develop a compact design of brush holder so as to place 
the maximum number around the commutator. This 
was reflected in the motor built for American applica- 
tion where 24 holders were placed around a 48-in. 
commutator and later 10 holders around a 17-in. 
commutator. 


The European designs, not being hampered with the 
limitations of higher frequency, had commutation 
constants which were quite reasonable. The recent 
efforts of the Europeans described above may be sum- 
marized by saying that their attempts were directed 
toward obtaining more motor capacity for a given 
weight and displacement, higher efficiency and better 
power factor. This was made possible fundamentally 
by the application of roller bearings and improved arma- 
ture and commutator construction for higher speeds 
together with the use of more poles, resulting in more 
capacity per pole and more poles for the same space 
and weight. 

The development and successful application of the 
roller bearing has had considerable effect on designs. 


3. Allgemeine Elektricitaets Gesellschaft. 
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Long life, less lubricant and maintenance of a uniform 
air gap, together with a much higher journal speed, 
permit a considerable increase in armature rev. per 
min. An armature combination designed for a given 
flux per pole and ampere-turns when rotated at a 
higher speed will of course have a proportionally higher 
output. Compared with older designs a higher speed 
armature requires less flux per pole for the same total 
armature ampere-turns to produce the same output. 
This allows us to shorten the length of core, all of which 
results in higher efficiency and power factor for less 
weight of active material. The commutator design 
must be improved to stand higher peripheral speeds 
and likewise the armature core and windings. 

In 1926-27 the problems in connection with the elec- 
trification of some of the larger American trunk lines 
became more active. Our twenty-five years experience 
in a-c. electrification and our knowledge of the 1624- 
cycle development in Europe gave us considerable data 
with which to proceed. The handicaps of 25 cycles 
over 1624 cycles is of fundamental importance in 
motor design. Starting conditions of commutation 
definitely limit the flux per pole. For the same voltage 
between commutator bars, the 25-cycle motor can 
have only 2 the flux per pole of a 1624-cycle motor. 
Hence for the same torque a 25-cycle motor must have 
either 3/2 times the armature ampere turns or 3/2 
times as many poles as a 1624-cycle motor, or a 
partial increase in both armature ampere turns and 
poles to make up for 24 the flux. In addition to this, 
the axle loading in Europe.on the 1624-cycle motors 
is not more than 44,000 lb. while here in America with 
25 cycles, the axle loading is as much as 75,000 lb. 


75,000 n 
44,000 


per cent of the axle loading and starting tractive effort 
with 24 the flux per pole and either 3/2 the poles or 
3/2 the armature ampere turns required in Europe. 
Besides this, the maximum locomotive speed in Europe 
is 62 mi. per hr. (although this may be increased to 
75-80 mi. per hr.) while here in America we are de- 
signing for 90 to 100 mi. per hr. maximum. Hence 
with 170 per cent of the starting tractive effort per 
axle, 150 per cent of the maximum running speed with 
24 the flux per pole and either 3/2 the poles or 3/2 the 
armature ampere turns, the proportions of our motors 
differ somewhat from those of the European motors. 

Our engineers studying the problems of electrifica- 
tion economies, application, etc., put before the design 
engineers the problem of designing and building a motor 
suitable for freight service as an axle-hung motor and 
suitable for passenger service as a twin motor with 
flexible quill drive with motor parts interchangeable, 
which entails design difficulties. Railroad limitations 
at the time were 60,000-65,000 lb. axle loading, 45-50 


roli0 


Hence the problem here is to design for 


‘mi. per hr. maximum speed for freight and 90-100 mi. 


per hr. maximum speed for passenger locomotives for 
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operation on 25 cycles. Designs were worked up and 
the first test motor was built for 25 per cent adhesion 
at 60,000 Ib. axle loading geared for 90 mi. per hr. 
maximum speed, with a continuous rating of 1,000 hp. 
per axle at the rail at 55 mi. per hr. The motor was 
tested early in 1928 and the fact was clearly demon- 
strated that such a capacity was possible with 72 in. 
drivers. A change in ventilation was then made with 
the result. that a motor rating of 1,220 hp. per axle at 
56 mi. per hr. could be obtained by an increase in current 
without exceeding A. I. E. E. temperature limits. 

Following these tests twin motors were built in me- 
chanical parts designed to mount in a locomotive. 
Development was then concentrated on the commuta- 
tor construction and the new disk spring type was 
developed in which the bars are held together by the 
force exerted by a disk spring pressing against the vee 
ring. Tests on this commutator show that the limit 
of 9,000 ft. per min. is a conservative one, in fact as soon 
as sufficient service data are obtained it may be possible 
to go to 10,000 ft. per min. or even higher with this disk 
spring construction. Increase in commutator speed for 
a given locomotive speed will produce more service 
capacity for a given motor weight and displacement. 

The field of the motor is shunted at start and allows 
the possibility of designing for maximum flux at con- 
tinuous rating independent of the value necessary at 
start. In fact the motor has the same flux at stand- 
still as at continuous rating with the present locomotive 
control scheme. 

A ventilation scheme was developed to eliminate fan 
members on the armature in order to increase the over- 
all length of active parts. At the same time the arms 
of the spider and coil support provide an internal 
blower which assists in the circulating of the air through 
the armature passages. 

To eliminate the difficulties of securing adequate 
cast steel frames of the size required, a new welded rolled 
steel frame was developed. Housings and commutator 
parts, also of rolled steel, were developed for the motor 
to take up less space because they are relatively lighter 
and stronger. The motor frame and housings were 
dimensioned and designed to take electrical parts of 
either 12, 14, 16, 18 or 20 poles. The original motor 
was designed for the minimum number of poles in order 
to get the maximum voltage and minimum current. 
This required a design wherein three commutator bars 
are spanned by the brush in order to get a brush of 
sufficient mechanical strength and smooth oe quali- 
ties on the commutator. 

The motors for the existing locomotive were ready 
in the latter part of 1929 and the locomotive was placed 
in service the first week in July 1930. The actual 
weight on drivers is higher than the 60,000-lb. axle 
loading for which the motor was designed, hence the 
motor will be tested with more severe starting. condi- 
tions than originally contemplated. The performance 
of the locomotive has exceeded expectations. The 
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experience gained through the operation of this loco- 
motive in service with the increased axle loading and 
the knowledge and experience gained in the past 3 
years, make it possible to design for as high as 75,000 
Ib. axle loading at the same speeds. 

In order to design these motors and take advantage 
of the best proportions, the major relationships of the 
fundamental limitations in design were comprehensively 
analyzed on the following basis. The required capacity 
of any motor applied to a locomotive or car is deter- 
mined by starting tractive effort and the maximum sus- 
tained running speed at which the locomotive or car 
must operate. The gear ratio and wheel size must be 
so proportioned that the commutator speed will be 
within safe limits at the maximum sustained running 
speed of the locomotive. The maximum tractive effort: 
which may be obtained with this gear ratio and wheel 
size is limited by the current carrying capacity of the 
brushes and commutator or armature windings. The 
continuous capacity is then the output at some voltage 
and speed with this gear ratio, wheel size and current 
carrying capacity at which the temperatures do not 
exceed certain safe values. 

For multiple wound armatures: 

Gross tractive effort = flux per pole < brush current 
density 


peripheral speed commutator 
1414 x mi. per hr. 


x poles x 


Width of brush 
Bar pitch 


< active length of commutator 


x cos. a X gear efficiency 
where active length of commutator is the total length of 
brushes in a brush holder. 

The gross tractive effort can be converted into net 
tractive effort at the rail by deducting rotational losses 
and gear losses which are of the order of 5 to 10 per cent. 
At standstill the cos. a may be of the order of 90 per 
cent but is practically unity above 14 speed. 

The limiting factors in the motor design are 

1. The maximum peripheral speed of the commuta- 
tor which determines both the diameter and length of 
the commutator. 

2. The permissible current density in the brush 
which, for a given number of brush holders, limits the 
size of the brushes and the active length of the com- 
mutator but depends on the flux per pole. 

3. The flux per pole which not only determines the 
magnetic sections of the punchings and the length of 
core but also the voltage between commutator bars at 
standstill and the circulating currents in a coil being 
commutated. This circulating current in turn limits 
the permissible current density in the brush. 

4. The bar pitch of the commutator which limits the 
width of the brush for a given flux per pole and hence 
the current per brush holder. 

5. The number of brush holders which can be 
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placed around the commutator which limits the num- 
ber of poles. 

The maximum peripheral speed of a commutator is 
a mechanical limitation. The dimensions of the indi- 
vidual bars and the method of holding them together 
determines the safe maximum speed at which the 
commutator may rotate without overstressing the parts. 
Disk spring commutators have been built to operate 
at 9,000 ft. per min. 

The flux per pole at start, the permissible current 
density in the brush and the maximum number of bars 
spanned by a brush at any time are all very closely 
related and depend entirely on the characteristics of 
the carbon brush. The resistance of contact of any 
carbon decreases with temperature rise. On brushes 
-with high contact drop, the circulating current in the 
coil short circuited by the brush varies about as the 
square of the voltage induced in the coil, reaching a 
critical condition between 3.5 and 3.75 volts above 
which the current increases very rapidly with a slight 
increase in voltage. Since this characteristic is caused 
by local heating it is evident that, with line current 
also carried by the brush, the voltage induced in the 
short-circuited coil must be held below this critical 
point. Tests have shown that some carbons will stand 
as high as 2.9 volts between bars and a load current 
density of 150 amperes per sq. in., where the brush is 
two bar pitches wide and is in contact with three bars 
most of the time. 

If we substitute these values in the equation for 
tractive effort we have at 25 cycles:— 

Gross tractive effort at start 


2.6 X 150 


Tesi ee x poles X 


9000 
Max. mi. per hr. 


aK 


4960 x poles 
Max. mi. per hr. 


activelength of commutator X cos. a = 


< active length of commutator X cos. a. 

Therefore with the tractive effort required for start- 
ing and the maximum mi. per hr. for sustained running 
speeds, the poles and active length of commutator may 
be readily determined. This brings us to the require- 
ments of the car or locomotive. 

On multiple unit cars, the weight on the driving axles 
will probably not exceed 40,000 Ib. Since sand is 
seldom used the maximum adhesion will not be over 
18 per cent giving a possible starting tractive effort of 
7,200 Ib. per axle. Geared at 70 to 75 mi. per hr. it 
would be possible to accelerate such a car at 1 mi. per 
hr. per sec. with only one axle driven by a 12-pole 
motor with 10 in. active commutator. With motors on 
two axles it would be possible to haul a trailer. 

For a locomotive of 60,000 Ib. axle loading and a 
starting adhesion of 25 per cent each axle would exert 
15,000 Ib. tractive effort at start. This would require 
a 12 pole motor with a 12 in. commutator to bring the 
locomotive to 45 mi. per hr. with one motor per axle. 
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Two motors per axle would give a maximum speed of 
90 mi. per hr. 

Assuming the maximum weight per axle held at 
75,000 Ib., then at 30 per cent adhesion, each axle 
could exert 22,500 lb. tractive effort at start. This 
would require 18 poles and 12 in. of commutator length 
to bring this locomotive to 45 mi. per hr. maximum 
speed and with a twin motor of the same dimensions 
the locomotive could be operated at 90 mi. per hr. 
maximum speed. 


The design of the locomotive then becomes one of 
grouping the required number of axles under a cab to 
give the most economical operating unit. The group- 
ing of axles under one cab depends on the required size 
of driver and this is where the dimensions of core and 
windings play an important part. At the present time 
twin motors can be built to go on 72 in. wheels and 
develop 25 per cent adhesion at start geared for 90 mi. 
per hr. maximum running speed. With the develop- 
ments now under way, however, this wheel size may be 
brought down to 68 in. or the maximum speed on 72-in. 
wheels may be raised if desired, because the experience 
of the last few years indicates that considerable further 
improvements can be made to permit the application of 
smaller motors for the same tractive efforts or of the 
same size of motors for greater tractive efforts. 


SUMMARY 


1. The series single-phase commutator idea was 
conceived in 1884. 

2. The developments on the high frequencies dur- 
ing this period diverted the efforts to the repulsion 
motor and the induction motor. 


3. In1902 B. G. Lamme gave the first real impetus 
to the application of the series single-phase motor to 
railroad application and recommended a low frequency. 


4. In 1907 the New York, New Haven and Hartford 
Railroad electrification was the first outstanding appli- 
cation of the motor and these motors are operating © 
successfully today on both alternating current and 
direct current. 


5. Contemporary development in Europe led to 
standard system of alternating current only and brought 
out the shunted interpole motor. 

6. In 1908 the electrical limitations were estab- 
lished of 2 bars per brush and 7 volts across the brush 
at start, also armature slots skewed to minimize tele- 
phone interference. The limitations hold today. 

7. After the World War, a second big impetus was 
given to electrification by mechanical improvements. 

a. Increased commutator peripheral speed. 
b. Improved insulation. 

e. Roller bearings. 

d. More compact brush holders. 

8. Further mechanical improvements followed in 
America. 

a. Disk spring commutator. 
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b. More compact ventilation design. 
ce. Rolled steel and welded frames and housings. 
d. Better punchings. 
9. A united effort by all firms to produce a unit 
axle drive to simplify the design of locomotive. 

10. Finally a return to the series single-phase com- 
mutator motor with shunted interpole. 

In conclusion, it should be noted that our new design 
of series commutator motor and control equipment, 
for 25-cycle railway electrification, has exceeded expec- 
tations as to horse power per axle. A 4-axle locomo- 
tive, with the new motor, has developed more service 
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capacity than was expected with the 6-axle locomotive 
which we proposed four years ago and which was then 
considered to be a marked improvement over existing 
designs. Further, it should be noted that this new 
design, while representing an entirely new analysis 
and proportioning or arrangement of the various essen- 
tial parts, to obtain better power factor, efficiency, 
commutation, and speed-torque characteristics, is never- 
theless based on the sure foundation of nearly thirty 
years of constant practical experience in a-c. electrifi- 
cation, and over three years of intensive development 
work and testing of this new design. ~ 


Lightning Investigation at Alcoa, ‘Tenn. 
BY J. ELMER HOUSLEY: 


Associate, A. I. HE. E. 


Synopsis.—The cooperative lightning laboratories near Alcoa, 
Tenn., have been in operation since July, 1928. This paper out- 
lines the purpose of the installation and describes the transmission 
line on which the studies are being conducted. A background is 


ARLY in 1928 there was a crystallization of the 
EL ideas concerning the use of the cathode ray oscillo- 

graph for field studies of lightning. The imme- 
diate result of this was the desire to establish two 
lightning laboratories in the field. 

The Aluminum Company of America, through its 
subsidiary the Knoxville Power Company, afforded a 
transmission line of high insulation value and recog- 
nizing the importance of lightning investigation, joined 
the Westinghouse Electric and Manufacturing Com- 
pany in a cooperative field research endeavor. 

At the inception of this work the determining factors 
governing the selection of East Tennessee were the 
great number of thunderstorms, and the existence there, 
of the most heavily insulated steel tower transmission 
line in operation in the southeast at the time. 


THE LINE 


The transmission line selected for the investigation 
consists of two circuits operated at 150,000 volts and 
extends from Alcoa, Tennessee to the Santeetlah power 
house, a distance of thirty miles. 

The elevation of Alcoa is about 700 ft. and the line 
travels over a rolling country until Tower No. 72 is 
reached when the line suddenly climbs to an elevation of 
2,600 ft. A rugged country is traversed with several 
long river crossings until the Cheoah power house, 
at tailrace elevation of 1,080 ft., is reached. A further 
mountainous section is traversed to Santeetlah power 
house at elevation 1,270 ft. Data covering the first 
circuit of this line have been given in an Institute paper.” 

The towers are double circuit to tower No. 60 and 
single circuit with horizontal configuration of conduc- 
tors to tower No. 125 where double-circuit construction 
is resumed to the terminus at tower No. 152 at San- 
teetlah power house. See Fig. 1. 

The configuration of the cables is vertical on the 
double-circuit towers with the middle wire offset 4 ft. 
6 in. toward the tower, and the vertical separation is 
11 ft. 9 in. at the top and 12 ft. 8 in. at the bottom. 
The single-circuit lines have a flat horizontal configura- 
tion with a spacing of 17 ft. 6 in. The conductor is 


1. Knoxyille Power Company, Aleoa, Tennessee. 

2. The 160,000-Volt Transmission Line of the Knoxville 
Power Co., by Theodore Varney, A. I. E. E. Journau, June, 
1920, p. 563. 

Presented at the Southern District Meeting No. 4, of the 
A.J. HE. E., Louisville, Kentucky, November 19-22, 1930. 


provided for a more complete appreciation of the technical data 
which appear from time to time. Conclusions drawn from an 


operating viewpoint are presented. 
aie oe ie Rie Lok ATS 


500,000 cir. mils A. C. S. R., 40 per cent steel by weight. 
The diameter is 0.904 in. The insulator strings are 
composed of ten disks in suspension and twelve in each 
of the triple strings used in a single dead-end assembly. 
Strap iron horn-gaps are used on the line and ground 
side and a horn is placed on each side of the insulator 
string over the axis of the cable in suspension units. 
The horns are arranged above the insulator for hori- 
zontal strings. The gap spacing is 3 ft. 93¢in. The 
span between towers on the line varies from 650 ft. to 
2,400 ft. The single ground wire of 4%-in. high strength 
steel is common to both types of tower. This wire is 
located at the top and center of all towers. The single- 
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circuit towers are provided with holes for the attach- 
ment of two additional ground wires, one between 
and above each outside cable and the center cable. 


OPERATING EXPERIENCE 

The lightning season extends from March 15th to 
October Ist. The insulator flash-overs occur mainly 
in the mountainous section of the line from tower No. 81 
to tower No. 152. The original line, twenty-five miles 
long, has been in operation since April, 1919 and on this 
line the interruptions have averaged about ten per year. 
Lightning, with one exception, has been the sole cause 
of interruptions chargeable to the high-tension line. 
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The exception concerns an obsolete type of strain insu- 
lator which failed several years ago on a special long 
span. No insulators have been found damaged by 
flashovers. The second circuit was added two years 
ago and five miles of double-circuit line was added 
making the total length of the line thirty miles. The 
second circuit and the added length of line has not 
increased the number of interruptions in the past two 
years. 
SELECTION OF SITES 

After deciding upon two stations for the field inves- 
tigations the location of the stations was selected after 
a study of the usual path of the thunderstorms. Pre- 
vious observation had indicated that many storms 
traveled along the ridge of the Chilhowee Mountain 
which extended east and west and the line crossed the 
ridge at right angle. Along the south base of the 
mountain flowed the Little Tennessee river for a short 
distance until it reached a water gap and turned north. 
Many storms traveled up the short valley from west to 
east, probably due to the prevailing winds which are 
southwest. 

It seemed appropriate to locate one station at the 
base of the mountain at the north near tower No. 70 
and the other at tower No. 93, along the river near the 
base of the mountain on the south. See Fig. 2. The 
locations were near roads which would permit the 
transportation of building material and the apparatus 
required. 

Satisfactory results were obtained from the station at 


Fig. 2—Licgutnina Lasoratrory at Tower No. 93 


tower No. 93, but the location at tower No. 70 was too 
remote from the storms on the ridge of the mountain 
and this station will be discontinued. 


KLYDONOGRAPH EQUIPMENT 


Three klydonograph installations were established 
in conjunction with each station. All klydonograph 
potentiometers were of the three-phase type, one was 
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located adjacent to each station and one on either side 
of the stations one mile distant. This is illustrated in 
Fig. 3. The klydonographs are equipped with eight- 
day clocks and the film records are removed weekly. 
A klydonograph was placed in a parallel circuit between 
the top of the tower and the ground at tower No. 93, 


Fic. 3—TuHreEeE-PHase POTENTIOMETER AND KiLYDONOGRAPH 
INSTALLATION 


to study the potential gradient existing on the tower 
during a storm. 


DESCRIPTION OF STATION 


The station building at tower No. 70 is a frame build- 
ing and at tower No. 93 is a sectional steel building. A 
partition provides a dark room and a kitchen, while a 
tent with a wood floor, provides the living quarters. 
An electric refrigerator furnishes storage for food 
supplies and a supply of cold water for the development 
of films. 

A shallow well equipped with an electric pump sup- 
plies water to the station at tower No. 93. The other 
station pumps water from a mountain stream. 

The frame building is lined with a heavy wire screen, 
well grounded, in the laboratory section and in the steel 
building it was only necessary to ground the structure 
at several points. 

EQUIPMENT 

The equipment in each station was identical. A 
gasoline-driven 15-kv-a.,110-volt, three-phase, 60-cycle, 
a-c. generator supplied power forstationuse. Thedirect- 
connected 1-kw. exciter furnished 125-volt direct current 
for use in the concentration coils on the oscillograph. 

The Norinder oscillograph with its auxiliary equip- 
ment, consisting of vacuum pump, switchboard, linear 
timing device, oscillator, and high-voltage rectifier has 
been used throughout the tests and many improvements 
have been made in the apparatus and increased reli- 
ability has been obtained.’ See Fig. 4. 

An osiso was used for recording the output of a 


3. A Cathode Ray Oscillograph with Norinder Relay, by O. 
Ackerman, A. I. E. E. Journat, April, 1930, p. 285. 
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microphone located some distance from the station to 
detect the location of the stroke by recording sound 
from the thunder, but the induction picked up on the 
long leads during the storms interfered, so that good 
results were not obtained. A potentiometer connected 
to an antenna was used to study air gradient potentials 
existing in the river valley and on the top of the ridge of 
Chilhowee Mountain. 
STAFF 

Each lightning laboratory was continuously attended 
during the lightning season by two engineers from the 
Westinghouse Company, who made their residence at 
the station. During the winter various parts of the 
equipment were returned to the factory for alterations 
suggested by the preceding season’s work. 

The oscillogram No. C-3095-B, Fig. 5, was made during 
a storm July 10, 1980. These data have not yet been 
analyzed. The storms during the 1930 period, up to 


Fie. 4—Caruopr Ray OscinLtoGRAPH AND AUXILIARY EqQuir- 
MENT IN LABORATORY AT ToweER No. 93 


August 1, 1980, have been local thunderstorms and 
have covered only a very small area, and a small 
number of surges has been recorded at tower No. 93 
and one at tower No. 70. Fig. 6 oscillogram shows a 
typical switching surge. 

The small number of oscillograms obtained since the 
stations went into operation does not give a complete 
picture which would enable an analysis to be made of 
the waves appearing on the line with their exact point 
of origin and probable voltages which existed there. 
The data obtained and observations made during the 
past three years have been valuable in relation to the 
development of the cathode ray oscillograph and demon- 
strated the importance of this device in the field. 


CONCLUSIONS 
Since the location of storms must be very close to the 
station, chance plays a large part in the volume of data 
obtained. Accordingly it is hoped that by continuing 
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the investigation over a period of time that a sufficient 
number of surges will be recorded so that a complete 
analysis may be made of the various types and deter- 
mine the efforts of the natural strokes. 

One of the first observations made indicated that the 
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Fig. 5—OscinnoGRAM or OnE LarGE LiGHTNING SURGE AND 
SEVERAL MINnNorR SURGES 


line trip-outs were caused by direct strokes and not by 
induced charges. Many strokes come very close to the 
line and near the oscillograph with no record obtained 
although a surge of two times normal would be quite 
legible. 


Fie. 6—SwitcuHina SURGE WHEN DEENERGIZING LINE 


One conductor alone is involved during a stroke on 
the line and often it is the first wire adjacent to the 
approaching storm. The oscillograph is attached to 
only one conductor and a line tripout has resulted from 
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a stroke near the station but with a very small surge 
recorded on the oscillograph. A heavy surge would be 
recorded by the klydonograph on some other conductor. 
Conversely a heavy surge may be recorded on the oscil- 
lograph and the klydonograph on the same conductor 
while the other two conductors will have very light 
surges shown. 


The klydonographs located one mile from the station 
have shown surges beyond the calibration range and the 
oscillograph would show a light surge indicating the 
attenuation which occurs. 


‘Low resistance tower footings and a low resistance 
ground wire were indicated as desirable for decreasing 
flashovers. Due to the line being built over an almost 
solid rock country with a light covering of weathered 
rock, some artificial means of lowering tower footing 
resistance was indicated. 


No damage to insulators from flashovers has been 
experienced in ten years operation and no burns on the 
cable were found during the last inspection made two 
years ago when each tower was climbed. Ground 
current relays have not been used but will be installed 
in the future. The generating capacity on the line 
varies from 130,000 to 150,000 kv-a., and at times the 
system operates in parallel with another large system 
through a 25,000-kv-a. auto-transformer bank. 


Discussion 


J. J. Torok: The investigation work carried on in Tennessee 
has been exceedingly fruitful. The number of records ob- 
tained has not been astonishingly large but the nature of those 
which were obtained is such that it exposed serious discre- 
pancies in the early theories and aided considerably in establish- 
ing a more consistent concept of the origin and manner in which 
surges appear on the line and their nature. 

The early concepts of the formation of surges on lines were 
predicted on the inductive theory, that is that the bound charge 
on the transmission line was released suddenly when the cloud 
discharged. Accordingly, all the transmission line designs were 
based purely on this theory. The value of ground wires was 
intimated on their protective ratio. The insulation on the lines 
was determined by height and ground wire location and many 
other minor details were governed purely on this basis, yet these 
lines do not show a very marked improvement over those which 
had been built according to the dictates of construction economics 
only. 

The first season’s operating experience bore strong evidence 
against the induced voltage theory. Many storms raged about 
the station and over the line yet only one record was obtained in 
which the voltage rose above three times the operating value. 
The records of the operators showed clearly that of the hundreds 
of strokes appearing over or near the line only one or two resulted 
in a surge on the line which might be harmful in its character. 
The oscillograms of these surges showed that they were of long 
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duration ranging from 30 to several hundred microseconds which 
again was contrary to the earlier concepts which dictated waves 
of short duration ranging from perhaps one or two microseconds 
to 15 or 20. Using these records as a basis and also those which 
were obtained later on oscillograph stations located in Chicago, 
New Jersey, and Arkansas, a series of calculations was made to 
determine the probable magnitude of induced surges. These 
calculations showed that if the clouds discharged in a period of 
time indicated by the oscillograms that the induced voltages 
would hardly exceed one or two hundred thousand volts which 
is a value quite harmless to high-voltage transmission lines. 
Then the direct stroke theory was ushered into prominence. In 
the past direct strokes were always considered as an irresistible 
force which man could not yet cope-with. However, this reali- 
zation, that the surges which we have been protecting against in 
the past were the results of lightning volts coming directly in 
contact with the line instead of originating by induction, gave 
the engineers renewed hope in their strive for the ideal—the 
lightning-proof line. 

The direct stroke theory dictates that if the line is to be made 
immune from lightning it must have some protection against 
these direct strokes. The ground wires which have been used in 
the past still seem to be a good solution for the lightning problem, 
however, modifications must be made so that the new concepts 
can be satisfied, namely, that these ground wires should be so 
placed that the stroke itself must terminate on the ground wire 
rather than on the conductors. This meant that the ground 
wires must be placed well above the conductor and also in such a 
position that the ground wires protect not only one but all three 
conductors. Furthermore, the estimates and measurements of 
the currents in the lightning bolt dictated that the tower and 
footing impedances should be very low so that the tower itself 
will, when carrying these heavy currents, not rise up to a high 
potential above earth and thus cause flashover from the tower 
to the conductor. Analysis of a number of transmission lines 
indicated very strongly that this direct stroke theory will be much 
more useful than its predecessor. Lines which either by chance 
or design were located in a terrain where low tower footing 
resistance could readily be obtained had exceedingly good 
operating records, one especially which had an average tower 
footing resistance around two or three ohms has only had one 
outage in five years, whereas a line of similar design but going 
over mountainous country where the tower footing resistance 
ranged from a few ohms to several hundred has an average of 
five or six outages per year. Further analysis on the position 
of the ground wires also shows that where only one ground wire is 
situated in the middle and close to the conductor the performance 
is very poor. An exceedingly marked improvement is obtained 
in installations where two ground wires are so situated with 
respect to the conductors that they shield them physically. 


Another question which has been less pressing in the engi- 
neers’ mind is that of switching surges. Here again the experi- 
mental stations in Tennessee have been of considerable im- 
portance. They have made records of switching surges that 
oceurred during the normal operation of the line. These records 
indicated that a normal switching surge will seldom exceed three 
times normal and only rarely rise to four times normal. Such 
switching surges are of great value in that they will indicate the 
minimum insulation a transmission line can have and still give 
good operating records. All these data and much more can be 
attributed directly or indirectly to the Tennessee investigation. 


Operating Experience With Reactance Type 
Distance Relays 


BY E. E. GEORGE! 


Member, A. I. E. E. 


Synopsis.—In view of the fact that reactance type distance relays 
have been in service in this country less than a year, operating 
experience should be of general interest to the industry at this time. 
This paper presents the performance record during the 1930 lightning 
season of two new types of reactance relays. One of these types is 
a high-speed American built relay, using a stepped time-distance 
characteristic. The other relay, using a sloped time-distance charac- 
teristic is European built, but designed for a more conventional speed 
of operation. 


These relays have performed satisfactorily on long transmission 
lines with wide variation in short-circuit conditions. The correct- 
ness of the reactance principle has been demonstrated. Certain 
difficulties with these relays have arisen on interconnections 
operating near the stability limit. Both definite and tentative con- 
clusions from this year’s operating experience are included in the 


paper. 


DATES OF INSTALLATION 


N February 9, 1930, the Tennessee Electric Power 
Company installed three reactance relays at their 
Great Falls Hydro Plant. These relays were of 

the normal speed distance type (LB-1): and were fur- 
nished by the American Brown Boveri Company, but 
were built in Baden, Switzerland, by Brown Boveri, 
Limited. This is believed to be the first installation of 
reactance relays in this country. 

On February 19, 1930, the Tennessee Electric Power 
Company set up a temporary test installation of three 
General Electric high-speed reactance type (GAX) 
distance relays at their Ocoee No. 1 Hydro Plant. 
These same relays were permanently installed at West 
Nashville Substation on February 23, 1930. The Ocoee 
installation was the first in this country of American 
built reactance type distance relays. 

Another installation of Brown Boveri type LB-2 
relays was made at Ocoee No. 1 on February 25, 1930, 
and another installation of GAX distance relays was 
made at Centerville Substation on March 30, 1930. 

Since the above time 21 more Brown Boveri type 
LB-1 relays and 21 more General Electric type GAX 
relays have been installed, making a total of 54 distance 
relays of the reactance type on this system. In addi- 
tion to the above, six high-speed distance relays of the 
Westinghouse impedance type (HZ) are now being 
installed. 

Figs. 1 and 2 are typical wiring diagrams for the two 
types of reactance relays and show how the test facilities 
preferred by this company have been applied. If it 
is desired to use the auxiliary equipment offered by 
one manufacturer for securing ground protection as well 
as phase protection, the test scheme becomes more 
complicated. 


REASONS FOR INSTALLATION. 
The reasons for the rapid installation of these new 


1. Supt. of Electrical Operation, Tennessee Electric Power 
Company, Chattanooga, Tennessee. 


Presented at the Southern District Meeting No. 4, of the A. I. E. E.,. 


Louisville, Kentucky, November 19-22, 1930. 


types of relays may be of general interest. Herewith 
is given a tabulation of the variation in short-circuit 
kv-a. on the various high-tension buses of this system. 
This variation is due chiefly to changes in operating 
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conditions with steam and hydro generation at widely 
different locations. The tabulation covers the total 
short-circuit ky-a. on the bus, and any one outgoing 
line has substantially less current. 
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Fig. 3 shows the location of circuit breakers on the 
154-ky. and 110-kv. systems together with the type of 
phase protection now in service at each. Many of the 
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more the opening of a section under fault frequently 
requires the adjacent sections to carry as much as twice 
normal load for a minute or more. Over-current relays 
(and relays having over-current pick-up) have proved 
inadequate and almost useless under these conditions. 

The principle of the distance relay finds a ready ap- 
plication in handling this situation. Reactance type 
relays were preferred over the impedance type since it 
is thought that the former give a more accurate mea- 
surement of the distance to the fault by being inde- 
pendent of arc resistance. This was given considerable 
weight on account of the fact that the resistance of 
many lines on this system constitutes an appreciable 
proportion of their impedance. Reactance type relays 
have another advantage over impedance relays as now 
built when applied to lines having low minimum short 
circuit compared to maximum load. Since distance 
measurement is taken care of by the reactance meter, 
the impedance release or starting unit may be designed 
to have its release characteristic vary with the voltage. 
At 20 per cent of normal voltage, both types of reac- 
tance relays considered will release with current below 
10 per cent of that required to release them at normal 
voltage. 

All future installations on the 154-kv. and 110-kv. 
systems will probably be reactance type distance 
relays, although one short line will soon be equipped 
at both ends with an experimental installation of 
high-speed impedance type (HZ) distance relays. In 
selecting distance relays to date more attention has 
been paid to getting low pick-up under minimum 
generating conditions for long lines, than in securing 
high speed, although high speed will be more of a factor 
as high-speed breakers are installed generally over the 
system. 
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line sections are of No. 2/0 copper or equivalent. This 
map together with the table of short-circuit kv-a. shows 
why the short circuit at the end of a long section may be 
even lower than the normal load of the line. Further- 
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OPERATING EXPERIENCE 


Both types of reactance relays have, in the opinion 
of the writer, demonstrated the following conclusions 
beyond question: 
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1. Reactance relays will protect each section of line 
selectively without cascading settings. Each section 
of line is thus protected independently of other sections. 

2. The amount and location of generation has no 
appreciable effect on the time of clearing faults. Any 
secondary current of about 2 amperes or over will 
operate the relay in a predetermined time if the voltage 
is low enough to indicate a fault in the protected zone. 

3. Loads much beyond the sustained thermal 
capacity of a transmission line can be carried without 
danger of tripping. With normal bushing current 
transformer ratios, the relays will carry from 500 to 
1,000 amperes primary current, whereas the normal 
rating of the average high-tension transmission line is 
probably 250 to 350 amperes. Sustained currents of 
about ten times normal rating will fuse the average line. 
Sustained currents of possibly five times norma! rating 
will cause failure of a line under normal tension. Fre- 
quently it is desired to carry twice normal load on a 
transmission line for a few seconds and there is no 
thermal limitation to doing this, but it is usually im- 
possible with the ordinary overload relay. In case of a 
non-attended station, it may be necessary to back up 
the distance relays with some other type of relay 
following more closely the thermal characteristic of 
the transmission line. Ordinarily the operator or load 
dispatcher will notice promptly any unusual diversion 
of power and take steps to reduce the load. 

4. Impedance releases or starting units on reactance 
relays should be set rather high—ten amperes or more, 
at normal voltage. 

5. High-tension potential supply is necessary in 
practically all cases. If this is not provided there will 
be a certain percentage of incorrect operation due to 
trouble on the lower voltage system. Selectivity will 
suffer with the use of low-tension potential supply, 
not only on account of the impedance of the power 
transformers but also because of the voltage balancing 
action of certain power transformers during single- 
phase faults. In addition to the above difficulties 
potential supply from the delta winding of a grounding 
transformer will tend to cause incorrect phase relay 
operation on ground faults. 

6. Potential transformers are the best and most 
economical form of potential supply, in the long run. 
This statement is made advisedly after trying various 
substitutes. ‘The lower first cost of capacitance coup- 
ling devices may be more than offset by the additional 
cost of adjustment and test. A change in secondary 
loading at any time requires almost as much work as 
the initial adjustment and test. The volt-ampere 
output is limited, and is inadequate for some types of 
relays. ‘The phase angle error of capacitance devices 
is considerable at very low voltage, where accuracy is 
most essential for reactance relay potential supply. 
Furthermore, when high-tension potential supply is 
installed for relays, there is a tendency to use it for 
synchronizing, voltage indication, frequency indication, 


GEORGE: REACTANCE TYPE DISTANCE RELAYS 


Transactions A. I. EH. E. 


indicating meters, watthour meters, etc. It is clearly 
impossible for capacitance devices to handle such 
burdens, whereas 500-volt ampere potential trans- 
formers will safely handle all the potential burdens in 
the station. 

7. Pilot indication on potential supply is desirable. 
Neon lamps serve this purpose admirably. 

8. If it is desired to take advantage of the special 
characteristics of distance relays for fast bus protection, 
it is not possible to get correct directional action in all 
cases for heavy faults close to the station. 

9. The cost and importance of distance relay instal- 
lations justify complete and accurate operating records, 
and a careful study of these records after they are ob- 
tained. The average substation operator will not, 
unless especially instructed, report with sufficient care 
and thoroughness on the performance of such relays. 
Even if the operator normally has plenty of time to 
make the proper records, knows the names and func- 
tions of the major parts of the relay and has facilities for 
promptly reporting to the dispatcher, there will fre- 
quently be times when so many things happen at once 
that he is unable to tell just what occurred. If he 
attempts to guess at what happened, such misinforma- 
tion is much worse than no information at all. In spite 
of such handicaps there will be occasions when a good 
operator, well trained, can give very valuable informa- 
tion on relay operation. 

10. Automatic oscillograph installations should be 
very valuable in analyzing distance relay operation, 
especially on occasions when the station operator’s time 
is limited. 

11. Quick trip ammeter installations as used to 
record neutral ground current, have been very helpful. 
The absence of a ground current record indicates a 
phase-to-phase short circuit which should operate the 
distance relays. These graphic ammeters frequently 
show ground current at the same time the distance 
relays operated, indicating a two-phase-to-ground short 
circuit, or a phase relay operation on a single-phase-to 
ground fault. 

12. In this territory most of the high-tension phase 
relay operations occur during the height of the light- 
ning season in June, July, and August, thus giving a 
rather limited time in which to make and note the effect 
of any changes in relay installations. This means that 
questionable or incorrect operations must be followed 
up very promptly in order to note the effect of any 
improvement or revision before the lightning season 
ends. The lightning storms are not only concentrated 
during the summer months, with a peak in July, but 
these storms also occur most frequently in the after- 
noon. Figs. 4, 5, and 6 show clearly that the major 
portion of each year’s lightning occurs between the 
hours of 1:00 p.m. and 5:00 p.m. in June, July, and 
August. This extreme concentration of trouble greatly 
complicates relaying and dispatching problems due to 
independent troubles occurring close together, or even 


Peenultheously: A second line may relay out before 
the first line can be closed back in, thus leading to 
confusion in the operating records as well as to inter- 
ruptions to customers provided with two or. more 
sources of supply, even though none of the circuits go 
in trouble permanently. 

13. One type of reactance relay is equipped with a 
distance indicator which has been very helpful in study- 
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ing the conditions under which the impedance release 
operated. It would also be desirable to have more than 
one target on the step-by-step distance relays so that 
_ there would be a record of whether the relay tripped 
on instantaneous, intermediate or back-up time. It 
has been found impracticable to determine this by 
watching the relay, even on staged tests. 

14. No entirely: satisfactory method of low-voltage 
routine tests has been devised for distance relays. 
They have been checked by staged tests during installa- 
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reaching conclusions, especially ee and if corroborated 
by further experience. 

Tables II, III, and IV cover the operation of dis- 
tance relays on this system from the dates of their 
installation up until the present time. From these de- 
tailed records the reader may analyze the available 
evidence in brief and form his own conclusions in the 
light of his own experience and his own particular 


operating conditions. 


1. Apparently the operation of all types of distance 


20 


10 
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Fig. 6—Monrtrurty DistrRisuTioN or RELAY OPERATIONS 


relays is highly satisfactory on radial feeders.» The only 
difficulties arise on trunk lines and on interconnections. | 

2. The performance of distance relays under out- 
of-step conditions is still uncertain. This liability is 


TABLE II 
SUMMARY OF REACTANCE RELAY OPERATIONS 
Through September 30, 1930 


Correct operations................. BYR Ee ee crete iP ORAL Es, AT 


Questionable operations.).- 002.624. .0e cee cee eee Sa eae ete rf 
Wrong operations sia... ese aieree perce mkt Me pene wrth. a0) 
Inadequate potential supply. 22a. foc. < cicheeiekee tetnete teres 18 

Potalities sca.) ca See ads SR TR Oe so ie 
Analysis: 


Correct operations - 
Line relayed at one’ end only.) «ves eile iene tere 3 
Same line relayed simultaneously at other pointe AatOee tS 6 28 
Line relayed while being supplied from one end only..... 5 
Back-up protection®.2<25...ccw « aaaiindeed ee eR eee 3 
Dow-tension bus tailura ess jaee in eee : SOIC RTE uh 
Bad synchronizing Ai. 2 ee. eee ME cians Speman 5 
Bus protection’. (4xe.5, .2%scacahvancharere ease eater aero ete 2 


Totals: «i523. 3 <u.t9 Sleek eee carrera eee 
Questionable operations i , 
Out-of-step conditions). ...- 2222.25)... =. 


292 


3. Even if out-of-step conditions should cause relay 
operation, many interconnections are subject to more or 
less prolonged surging somewhat below the stability 
to be reasonably immune to ordinary out-of-step con- 
ditions but severe surges may cause incorrect operation. 
The recently completed tie in East Tennessee intercon- 
necting about 5,000,000 kw. in the north and 1,000,000 
kw. in the south is particularly subject to bad surges. 
This problem is being actively studied at the present 
time. Unfortunately there is no precedent for saying 
that a line should or should not relay on out-of-step 
conditions. The Relay Subcommittee of the South- 
eastern interconnection has tentatively suggested that 
severe out-of-step conditions should cause relay opera- 
tion, but only at one location, which should be at the 
point of maximum voltage variation. 


GEORGE: REACTANCE TYPE DISTANCE RELAYS 


Transactions A. I. E. E. 


are designed and factory adjusted so as to give back-up 
protection to two or three average sections of line, 
while the distance measuring element is very flexible 
and can be adjusted for most any combination of sec- 
tions. This arrangement is quite satisfactory as far as 
actual short circuits are concerned, but does not take 
care of the difficulties of load and power factor swings 
encountered on interconnections. Obviously a reac- 
tance meter, if allowed to operate under these condi- 
tions, will perform somewhat erratically. The logical 
remedy seems to be to adjust the release unit to operate 
on faults just a little beyond the nearest breaker, and 
use some separate form of back-up protection if desired. 

7. The time setting on intermediate and back-up 
operation of step-by-step distance relays should be 
rather long—probably 60 cycles or more for the inter- 


TABLE Il 


DETAILS OF LB RELAY OPERATIONS 


6 Installed in February 1930 
3 Installed in May 1930 
3 Installed in June 1930 
6 Installed in July 1930 


Station Line Date Time Cause 
Descee NOs 4 3.6.2 Biisee = Nashville 3-20-30 11:20 a. m. Open potential circuit 
Great Wallac ve acee eee sl Cleveland 3-23-30 - 10:27 a. m. Potential network 
Great. Falls: ase. ee 21s Cleveland 3-23-30 1:18 p. m. Potential network 4 
reas Halig’< Pas het Cleveland 3- 23-30 1:41 p. m. Potential network , 
Great Maliss 525 sro stare e Cleveland 3-26-30 11:58 a. m. Potential network 
Oepea No. Vos. aon sce ce Nashville 6-21-30 3:07 p. m. Lightning 
Axia alist oc ee) ee Cleveland 7— 2-30 11:21 p. m. Wilson Dam out of step 
Great Paliss:2 oe 7 oe Cleveland 7-10-30 2:11 p. m. Nashville out of step 
AS Pead AUIS Sc ee Cleveland 7-10-30 2:12 p.m Bad synchronizing 
South Nashville........... Great Falls 7-13-30 2:31 a. m. Bus failure 
ATTN SLOW S035 is a Se yee Maryville 7-13-30 6:35 a. m. Lightning 
As Vertis 2 t | BSe tele ete eee Cleveland 7-13-30 5:49 p. m. Lightning 
AYIME LOR eects see Maryville 7-16-30 7:43 p.m Lightning in Georgia 
ATTNGTON oot Gee fw eS Cleveland 7-23-30 12:08 p. m. Lightning 
APNE GG AS oa Ss we as Cleveland 7-23-30 1:04 p. m. Lightning on double-circuit line 
ATTEN 3 woe es ee oe Maryville 7-23-30 1:04 p. m. Lightning on double-circuit line 
Pg Edt git s OMe Pee Maryville 7-23-30 1:14 p. m. Lightning 
South Nashville........... Great Falls 7-23-30 5:08 p. m. Lightning near Centerville 
Great Falls...... Cleveland 8— 9-30 2:04 p. m. Lightning 
(ICOCO DLO: Uae on te es Nashville 8— 9-30 2:04 p. m. Lightning 
BPS HOME. IF. 2s las ce Beets Maryville 8—10-30 3:20 p. m. Bus protection 
ATENEO Sec ct fae ee Cleveland 8-10-30 3:20 p. m. Bus protection 
ATVHngtor:s: ::4: Se: 4 She 2. as Cleveland 8-14-30 7:26 a.m. Lightning 
South Nashville........... ; Great Falls 8-14-30 7:57 a.m. Lightning near Wilson Dam 
South Nashville........... Great Falls 8-14-30 6:32 p. m. Lightning on W. Nash. line near S. Nash 
mSINe COR: & Fo oat ales acy Cleveland 8-21-30 3:40 p. m. Lightning 
South Nashville........... Great Falls 9— 8-30 8:38 a. m. Lightning 
PTT DU Sek Sat as, eo Cleveland 9 8-30 10:44 a. m. Lightning 


limit and relays should hold in all such surges. This 
is one of the problems on the East Tennessee inter- 
connection. 

4. Wide variations in power factor during load 
swings seems to be one of the chief difficulties in apply- 
ing reactance type relays to trunk lines and inter- 
connections. 

5. Impedance releases or starting units should have 
reset values fairly close to the release values, particu- 
larly if the starting unit is non-directional. Otherwise a 
fault may be cleared promptly at some other location, 
but the resulting surging or readjustment of power flow 
may be sufficient to hold the relay released and cause 
incorrect operation. 

6. It would be advantageous for the starting units 
to be made more readily adjustable. At present they 


mediate time—if used on heavy interconnections. 
This is a tentative conclusion from operating experience 
on the East Tennessee interconnection. 

8. It may be possible to have the instantaneous 
element on a distance relay operate too quickly. In- 
correct operation may occur due to breaker adjustment 
if the relay trips under two or three cycles. 

9. There seem to be certain complications in using 
the bus protection feature of distance relays, and it is 
recommended that important stations be protected by 
some independent form of bus protection so that 
distance relays can be used for outgoing protection only. 

10. It does not seem to be wise to try to speed up the 
initial time too much on certain types of relays. A cer- 
tain definite time is required for proper directional 
discrimination. 


March 1931 
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TABLE IV 
DETAILS OF GAX RELAY OPERATIONS 
3 Relays installed in February 1930 
3 Relays installed in March 1930 


6 Relays installed in September 1930 


Station Line Date . Time Cause 
West, Nashville... «=. =. ; Centerville 3-29-30 12:01 p.m. | Air break switch arced between phases 
Ceriper vite te ee nani === ; West Nashville 4— 6-30 4:17p.m | 44ky. bus switch opened by mistake 
Gentergille 2 252) 22s a West Nashville 6— 7-30 4:14p.m. | Potential circuit opened by mistake 
West Nashville........... Centerville 6-19-30 10:02 a.m. | Insulator failure 
Dantervilie Co) ooh oc : West Nashville . 6-30-30 | 3:15p.m. | Lightning near Great Falls 
PMentervilies te soo elec os: West Nashville ; 6—30—30 ; 3:17 p. m. Bad synchronizing 
SOMIOP VAN Fe oe sks 2 West Nashville ; 7-— 7-30 : 6:45 p.m. | Lightning 
West Nashville........... Centerville : 7— 7-30 6:45 p. m. Lightning 
PISTIEOE WANN eer Goa o/s¥e stad West Nashville : 7-10-30 2:11 p. m Lightning near Great Falls 
West Nashville... oS. 3.2.2. Centerville 7-10-30 2:22 p. m. Lightning 
DOMSER PANO Fe ce clases West Nashville 7-10-30 2:53 p. m. Lightning on 44 ky. 
West Nashville........... Centerville 7-10-30 : 3:10 p. m. Lightning 
West Nashville............ Centerville 7-10-30 | 4:10p.m. | Lightning 
Caitervillpe 2... West Nashville | 710-30 | 4:10p.m. | Lightning 
Contervalioritse 3): 25. se West Nashville ; 7-11-30 12:12 p. m. Lightning near Great Falls 
Pontorvitte se. a West Nashville 7-11-30 3:09 p.m. | Centerville transformer failed 
parieevilig: fees. <r aaa West Nashville 7-17-30 ; 5:58 a.m. Bad synchronizing 
West Nashville ......... Centerville 7-18-30 | 1:34p.m_ | Bad synchronizing 
West Nashville........... Centerville 7-23-30 : 5:08 p. m. Lightning 
SeuUeR VIN ce oe oye West Nashville | 7-23-30 | 5:08 p.m. Lightning 
West Nashville........... Centerville 7-23-30 5:23 p.m. | Centerville by-passed 
Orarberyitle. 351525 52 22s - West Nashville : 7-24-30 1:22p.m. | Lightning 
West Nashville........... Centerville | 7-24-30 1:22 p.m. | Lightning 
West Nashville........... Centerville 7-24-30 1:26 p.m. | Bad synchronizing 
Mortbergillsr 2 oo >: West Nashville 7-24-30 | 157 p.m. | Wilson Dam out of step 
Canteryilla Seer a <2 at West Nashville 7-25-30 ; 3:24p.m. | Lightning 
West Nashville........... Centerville 7-25-30 | 3:24p.m. | Lightning 
West Nashville........... Centerville 7-25-30 : 348 p.m. | Lightning 
Oanteryale:2s. te cso West Nashville 7-29-30 | 231p.m. | Lightning on 44 ky. 
‘West Nashville: .......... Centerville 8s 930 204 p.m. | Lightning south of Centerville 
Centerville 3.2365 oi 53 2 cites West Nashville 8-14-30 7:25a.m. | Lightning on 44 ky. 
West Nashville........... Centerville ; 8-14-30 11:06 a.m. | Lightning south of Centerville 
Centerville, . 69 2s. West Nashville 8-14-30 2:29 p.m. | Loose connection 
PMontervilles. S20 3s ee West Nashville 8-14-30 6:32 p.m. | Loose connection 
Centerville... 2.65.55. 54->- West Nashville 8-14-30 | 8:32p.m. | Loose connection 
Canterville>.,\ os oie West Nashville ; 8-14-30 ; 9:17 p.m | Lightning 
West Nashville........... Centerville ; 8-14-30 |} 9:17 p.m. Lightning 
West Nashville........... Centerville | 927-30. 4 | Suan me | | Rebate 
Ceonterville-- 6 23s soe West Nashville : 8-17-30 3:12 p. m. Lightning 
West Nashville........... Centerville S- 8$-30 6:1l a.m. Lightning 
West Nashville........... Centerville 9 $-30 8:38 a.m. | Lightning 
West Nashville........... S. Nashville 3- $30 8:38 a. m. Lightning 
Ceniberville (2 55. te = Wilson Dam 3-13-30 12:27 p. m. Lightning 
Centerville: /2..2 32322 ..22 Wilson Dam 9-24-30 | 6:19a.m Insulator failure 


11. Relay settings or schemes should not be modi- 
fied on account of one report of incorrect operation. It 
is too difficult for the average operator to determine 
exactly what happened, and except in case of careful 
observation on staged test, too much weight should not 
be given any one reported erratic performance. 

12. It is entirely feasible to use separate and inde- 
pendent ground protection with distance relays. It has 
always been the practise of this company to use current 
directional ground relays for ground protection, and no 
change was made in this practise when distance relays 
were installed for phase protection. However, both 
manufacturers have developed schemes of ground pro- 
tection using distance relays and star potential supply. 

13. Distance relays can be used successfully on the 
same system with other types of relays. However, if 
the ordinary types of relays operate slowly under 
minimum generating conditions the distance relays 
will frequently operate ahead of them. 

SUMMARY 

Operating experience has shown the correctness of the 
major principles of design and application of reactance 
type distance relays on this system. Several difficulties 


have been encountered but these have been given less 
weight than the prime considerations of carrying high 
load safely during emergency and of clearing the 
majority of faults selectively during all operating 
conditions. 


Discussion 
J.B. MacNeill: Mr. George states: 


“Potential transformers are the best and most economical 
form of potential supply in the long run.” 

This is admittedly so where very large secondary burdens are 
to be handled, or where extreme accuracy of phase angle is 
required. However, the fact remains that successful operation 
on many large systems, including relaying, indicates definitely 
the worth of bushing potential devices when used within their 
ratings. The low cost of these devices and the elimination of 
high-voltage potential transformers justify the bushing potential 
device where usable. 

Looking to the future, it is reasonable to expect that auxiliary 
devices, such as relays, volt meters, synchronoscopes, ete.. will 
all have reduced burden, thus broadening the application of low 
output sources of potential. Recent improvements in bushing 
potential devices have reduced phase-angle error considerably 
over wide voltage range. The error now obtainable at 10 per 
cent of normal operating voltage is not greater than 20 per cent 
of previous value. 


Lighting Airway Beacons 


Direct From High-Voltage Transmission Lines 
BY F. W. CARTLAND: 


Associate, A. I. E. E. 


Synopsis.—Airway beacons requiring from 11% to 24% kw., 
may be lighted direct from low-voltage distribution lines, gas engine- 
driven generators or from high-voltage transmission lines. The 
. latter requires a high potential transformer of very small capacity, 
although most standard high potential transformers are made only 
an ratings of 15 to 100 kv-a. 

The “‘capacitap’”’ is a potentiometer device similar to that used 


INTRODUCTION 

HE rapid progress of aviation during the last few 
Af. years has emphasized the need of adequately 
lighted airways. The airports have been located 
near the cities where electric power for flood lights and 
searchlights was readily available. However, the sup- 
ply of power to airway beacons in isolated places has 
been a more difficult problem. Beacons in such 
localities have been operated from low-voltage trans- 
mission lines or where these were not available, gas 
engine-driven generators have been used. The power 
required for such installations is approximately 2 kw., 
and low capacity transformers are available where the 
system voltage does not exceed 23,000 volts. When 
higher voltage lines are encountered the smallest 
standard transformers built vary from 15 to 100 kv-a., 
increasing with the system voltage. A 100-kv-a. 
transformer used to deliver but 2 kw. is not only expen- 

sive but also inefficient. 


A paper presented by Messrs. Spracklen, Marshall, 
and Langguth at the Winter Convention in New York, 
February 13-17, 1928, described a potentiometer device 
for use with condenser type bushings, which supplied 
sufficient power for operating relays and synchronizing 
equipment. With the development of high-voltage 
outdoor capacitors of the suspension type, developed 
the possibility of adapting them to a potentiometer 
circuit which would supply greater amounts of power 
than could be obtained from a condenser bushing. 
While the capacitor could be thus used to supply very 
great quantities of low-voltage power, the capacitors 
as built at present are of such a size and construction 
that it is not considered desirable or economical to 
obtain more than 2 or 3 kw. from such a circuit. 


DESCRIPTION OF CAPACITOR POWER SUPPLY 


The capacitor power supply or “capacitap,”’ consists 
essentially of a number of suspension type capacitors 
connected in series with a portion paralleled by the 


1. Capacitor Engineer, Westinghouse Hlec. & Mfg. Co., 
E. Pittsburgh, Pa. 

Presented at the Southern District Meeting No. 4, of the A. I. E. E., 
Louisville, Kentucky, November 19-22, 1930. 


with condenser bushing terminals, the capacities being composed 
of suspension type capacitor units. The capacitap will give satis- 
factory performance for certain types of loads. The device is very 
well adapted to the supply of power to airway beacons having 
nearly constant load and approximately 100 per cent power factor 
where not more than 3 kw. is required. The construction and 
performance are discussed in detail. 


load and a reactor in series as shown in Fig. 1. Since 
in most cases the load voltage is 110 volts, the use of a 
small transformer (11,000/110) as shown in Fig. 2 is 
more desirable considering the capacitor economy. 
Another modification of this circuit, as shown in Fig. 
83, has an additional advantage in that the full load 


a 


Fig. 1—THeoreticaL Crreurt—Sinete Linz to GRouUND 
a 
| | 
Xy ae 
Reactor 
E 
wf 
Ig 
25 Ea 
Fie. 2—Sineur Line To Grounp Usine SMaLt TRANSFORMER 


ground current is much less than that of the equipment 
shown in Fig. 2. (Considering circuits which produce 
the same voltage regulation. ) 

A eapacitap as shown in Fig. 4 was built for studying 
the performance and practicability of this circuit. 
This equipment, built for supplying 214-kw. unity 
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power factor at 110 volts from a 66-kv. line had load 
voltage curves as shown in Fig. 5. The curve of Fig. 
6 shows the result of varying the size of reactor. The 
complete circuit as shown in Fig. 7, consisted of eight 
low-voltage capacitors, sixteen high-voltage capacitors 
shown in Fig. 8, a standard transformer, a reactor and 
two enclosed spark gaps. Both transformer and 
reactor were tapped to give the desired adjustments. 
Each of the low-voltage capacitors was 0.020 uf., 
10,000 volt and each of the high-voltage capacitors was 


Fig. 3—Tueroreticat Circurr—DovusLe LINE To GrRounD 


Fig. 4—ExprertmmMentay InstTaLuaTion (244 Kw. rrom 66 Kv.) 


0.008 pf., 16,000 volt. The reactor was designed for 
14,000 volts and had 176 henrys maximum inductance. 
The spark gaps were placed in parallel with capacitors 
b cand 6’ c. 

The individual capacitor unit is shown in Fig. 8. 
It is similar in design to those used for carrier current 
applications, but is a special rating. The construction 
is such that the capacitor will flash over the outside of 
the porcelain before it will flash through the inside. 
The characteristics are similar to those for line insu- 
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lators. The wet flashover at 60 cycle is 70 kv. and the 
dry flashover is 116 kv. The weight of each capacitor 
is approximately 115 lb. 


INSTALLATION 


The capacitap may be installed in several ways such 
as suspending from an existing tower or from a tower 
or pole erected especially for carrying this load. The 
weight of the complete equipment shown in Fig. 4, is 
about 3,000 Ib. The equipment may be connected 


140 
2 | 
S120 70 Kv. Line 
w 
3 GK 
2100 = 
Ss 60|Ky. 

80 


1,200 1,600 2,000 2,400 
LOAD WATTS 


0 400 9800 


Fie. 5—Loap Vourace Curves. (EXPERIMENTAL 


INSTALLATION) 


Regulation 
(2.5 Kw. 100 Per cent P.F.) 
| a 


PER CENT REGULATION 


120 130 160 


140 150 
L (HENRYS) 


Fig. 6—CurveE or REGULATION vs. INDUCTANCE OF REACTOR 


Fig. 7—Compiete Crrcuir or EquirpMENT SHOWN IN Fia. 4 
direct to the transmission line, however, the operating 
companies will probably use disconnecting switches. 
As this type of equipment can be mounted suspended 
above ground, it will not be necessary to build any 
enclosing fence as is required for equipment mounted 
on the ground. 
APPLICATION 


A study of the various possible circuits has definitely 
shown that the capacitap may be well adapted to cer- 
tain classes of loads, while for others, the operation 
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would be greatly unsatisfactory. For example, either 
the supply of power to a beacon lamp load or the supply 
for charging a storage battery through a rectifier would 
be a satisfactory load; however, the operation of a 
large motor, or the closing of a circuit breaker would 
not be suitable. A current surge as encountered in 
starting a motor should not be delivered by the capaci- 
tor power supply as at present designed. Reference 
to Fig. 9 will show that as the load current increases, 
the voltage in various parts of the circuit rises, and in 


Fig. 8—SINGLE SUSPENSION Capacitor UNIT 

all places the maximum voltage must not exceed the 
rating for which each part is designed. The reactor 
used in the equipment built for study was designed for 
14,000 volts; therefore, from curves of Fig. 9 it will 
be seen that the load must not exceed 2,700 watts. 
Also an overload will cause a current which may 
saturate the reactor. This condition would then tend 
to limit the voltage rise on the capacitor. The spark 
gaps were installed to protect the circuit from excessive 
voltage rises. 

The capacitap and the transformer both supply low- 
voltage power from a high-voltage line and there are 
many things to be considered when choosing between 
them for any particular application. In general, 
where less than 3 kw. are required, the transformer will 
be better adapted to the lower voltage systems, whereas 
the capacitap is better adapted to the higher voltage 
systems. The dividing line between a high-voltage 
and low-voltage system is rather indefinite and will 
depend somewhat on the applications. For example, 
the supply of 2 kw. from a 44,000-volt line (25,400 volts 
to ground) will be best obtained from a transformer, 
while the supply of 100 watts at 110 volts for charging 
a storage battery (through a rectifier) may be economi- 
cally obtained with the capacitap. For all ratings, 
the efficiency of the transformers and capacitaps is 
very high at full load, whereas a 50-kv-a. transformer 
(high voltage) used to supply 2 kw. will be much less 
efficient. 

There are so many variable factors in the design of a 
capacitap, that all study has been limited to a grounded 
neutral system. Other arrangements will likely follow 


CARTLAND: LIGHTING AIRWAY BEACONS 


Transactions A. I. BE. E. 


which will be adaptable to ungrounded or delta-con- 
nected systems. 

Single-phase power may be obtained from the use of 
a line-to-ground connection, (Fig. 2) or a double line- 
to-ground connection, (Fig. 7). Often one may be 
considered as a substitute for the other, however, the 
inherent characteristics of each will greatly affect the 
choice. As will be shown later, the double line-to- 
ground circuit has a ground current which is constant 
and independent of load; however, the single line-to- 
ground circuit has a ground current which increases 
with load. If the ground current should become an 
important factor, especially in the vicinity of telephone 
circuits, it would be necessary to consider the use of 
the double line-to-ground circuit instead of the single 
line-to-ground circuit. 

Another factor which should always be considered is 
that of voltage regulation. The better the regulation 
required, the larger and more expensive the equip- 
ment will become. The regulation is a function of the 
total kv-a. of capacitors and the ratio between the 
impedance of the line and ground branches of the 
circuit. The single line-to-ground circuit will be found 
to have slightly better regulation than the double line- 
to-ground circuit, using the same capacitors in either 
circuit. 


Fig. 9—Loap anp VoLTAGE CHARACTERISTICS 


SUMMARY 


The capacitor power supply (capacitap) is an as- 
sembly of capacitors and associated apparatus which 
supplies power at a reduced voltage from high-voltage 
lines. The present practical limit is 8 to 5 kw. Tests 
have shown that such an equipment has characteristics 
which are suitable for only certain types of loads, such 
as airway beacons. The capacitors are very reliable 
and are designed with large factors of safety. The 
equipment may be suspended above ground making an 
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enclosing fence unnecessary. Two single-phase circuits B 2. 

are possible each having different characteristics with I, = : 

regard to ground current and voltage regulation. oars Me dam Seg Mile Tl ora Smeg) 
Only applications to grounded neutral systems have 


been considered. The capacitap is especially adapted zt 
to high-voltage systems. cel naa [ (rR) 9 CX 2) = y pet SEM ] 
The condenser bushing potential device as developed ne artes 
by Mr. J. F. Peters, supplied the basis for development BR 5 Sd) 
of the capacitor power supply. The author wishes to @ = purenes ae tnet ee 
acknowledge with thanks, the cooperation of Mr. Peters pa [ (ent lt) cate ga Minette) cere pin ee ] 
in this present development. : Pacsrate a3 
Appendix I If a non-inductive load is considered, X = 0 
Since the regulation of any standard transformer is _ EB 
known, the characteristics of the circuits may be e = nett Pn (2) 
studied more conveniently by omitting the transformer iba VES E [ (rr +R) +7 ( Py, eis dal )] 
and using the circuit of Fig. 1. Rx, t1 + Xe 
Let E = line-to-ground voltage. If x is chosen to make the value of e a maximum, thus 
“, = reactance of the upper capacitor group. securing best regulation, 
2%. = reactance of the lower capacitor group. 1 Xo 
x = reactance of the reactor. ode Op eee 
r = resistance of the reactor. 
R = load resistance. ie, E 
X = load reactance. Cringe ae r (3) 
eé = load voltage. a ( R +1 ) 
€é) = no load voltage. : 
y2 = admittance of capacitor. If a reactor could be made with r = 0, perfect regu- 
yi = admittance of reactor-load circuit. lation would be obtained, 
Referring to Fig. 1. = E x2 (4) 
1 Cita ee 
Ue x eiee j x2 The ground current or line current using equation (1) 
will be 
= 1 ens EB lz.— (X +2) +j(r+B) 
me OTR) +5 +2) fa = Ta = Gta) +R) +5 lites) (X-F2)— a a 
to + 7[r + R) +97 (X +2) ie Li Be 
Yoo = PAGE) a aoe BEST Considering X = 0 and xz = Pees 
_ = X=) +i +P) a[(o-—"=-+i0+m@)] 
xe [(r + R) +3 (X +2)] Tas oneMee 
: (x1 + 22) (r + R) 
Z wo [(r +R) +7 (X4+2%)] “. ; 
be = itn’ : R ne 2 ; ] 
ee ty (PR) | AeA rsa, 7 ue (6) 
ies ta(r+R)+j to(X+x)—j w1(t2—X—2) +ai(r +R) It is interesting to note that for R = © (no load) 
ee (r,—x—X)+j7(r4+R) ; iB 
Pa eee ome 
(ws + 2) (r + R) +3 [(es + 2) (X + 2) = 21 ty] ee 
7 z— (X +") +j(r+R) Appendix II 
A similar analysis of the double line-to-ground 
Ble (X+2) +50 4+) cirenit as shown in Fig. 3 follows: 


lo = Gta o@ +R) tile. +o) X+2)— e122 Let 
J BE. = E (— 0.5 + 7 0.866) 
ik = ~ ee ne = E i m a 
Oa) a We +X) i ae ae hh aah 
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Eo. =—j (to +21) loa + j toly (1) 
Bas = a j Le CL av +- I) ca q v1 baer (2) 
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Experiences with Grounded-Neutral, 


Y-Connected Potential Transformers 


on Ungrounded Systems 
BY C. T. WELLER: 


Member, A. I. E. E. 


Synopsis.—The application of Y-connected transformers to three- 
phase, three-wire systems, in such a manner that the third and 
its multiple harmonics of the exciting currents would ordinarily 
be suppressed, is not in accordance with the best practise. How- 
ever, such applications of grounded-neutral, Y-connected potential 
transformers, particularly to temporarily ungrounded systems, 
have been made for relaying and other purposes. The resulting 
complications, which are of a different nature than would be antict- 


pated from the suppression of the third and its multiple harmonics» 
may not be generally appreciated, so this paper outlines experiences 
with two such applications. The peculiar and dangerous ‘‘satura~ 
tion phenomena’ obtained and the methods of preventing their 
occurrence are described and considerable data thereon included. 
The phenomena are discussed from theoretical standpoints in 
companion papers by A. Boyajian and O. P. McCarty and by 
C.W. La Pierre. 


INTRODUCTION 


HE application of Y-connected transformers to 
T three-phase, three-wire systems, in such a manner 

that the third and its multiple harmonics of the 
exciting currents would ordinarily be suppressed, is 
generally regarded as objectionable. For power trans- 
formers, this difficulty has been overcome (1) by con- 
necting the secondaries in delta or, if that is not 
permissible, (2) by adding tertiary windings connected 
in delta or (3) by adding a fourth conductor (metallic 
or ground) to connect the transformer and system 
neutrals. For potential transformers, only method 
(8) can usually be considered, since the closed-delta 
secondary or tertiary connection of methods (1) or (2) 
makes possible comparatively large circulating currents 
under certain system conditions. Potential trans- 
former applications that do not utilize method (8), 
therefore, are not in accordance with the best practise 
for power transformers; however, applications of this 
nature have been made. 

Grounded-neutral, Y-connected potential transform- 
ers with Y- or “broken-delta’-connected secondaries 
have been applied to three-phase, three-wire systems, 
the neutrals of which are temporarily or permanently 
ungrounded. The purposes of such applications include 
the protection of equipment against grounds, the econ- 
omy resulting from the use of line-to-neutral? (L/N) 
instead of line-to-line? (L/L) potential transformers and 
the maintenance of the isolated-phase scheme for such 
installations. 

It may not be generally appreciated that such appli- 
cations frequently endanger connected equipment in 
addition to creating special relaying, synchronizing, 
and metering problems. This paper, therefore, out- 
lines experiences with two applications under actual 


1. General Engineering Laboratory, General Electric Com- 
pany, Schenectady, N. Y. 

2. The abbreviations L/L for ‘‘line-to-line’ and L/N for 
“line-to-neutral’’ are used throughout the paper. 

Presented at the Southern District. Meeting No. 4, of the 
A.J. E. E., Louisville, Kentucky, November 19-22, 1930. 


operating conditions which illustrate the inherent 
danger and afford a basis for the “‘General Recom- 
mendations’ made. The paper is written from the 
operating standpoint, so the pertinent relaying and 
synchronizing problems are discussed briefly under 
“Significance of Results; the metering problems, 
which involve questions of accuracy rather than of 
operation, are not discussed. 

One of the systems operates at 12 kv., 60 cycles and 
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the other operates at 110 kv., 25 cycles. Each system 
is grounded at one point only, so sections separated 
temporarily from the system are, in general, un- 
grounded. The fact that the neutrals of the potential 
transformers connected to these sections are grounded 
does not change their designation as ungrounded sec- 
tions or systems. The peculiar and dangerous phenom- 
ena to be described occurred when voltage was applied 
suddenly to ungrounded sections of the systems. 
This condition is indicated in Fig. la, when Oil Switch I 
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is open and voltage is applied to Ungrounded Section U 
from Source II by closing Oil Switch IT. 

The principal factors involved are the capacitance to 
ground of the immediate circuit, the inductance of the 
potential transformers and the point on the saturation 
curve at which the potential transformers normally 
operate; the first two factors are represented in Fig. 1b, 
but the third factor, although not represented, is most 
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Fic. 2—REPRESENTATIONS OF VOLTAGE PHENOMENA BY MEANS 
OF VECTORS 


a. Normal condition. Neutral N coincides with center of gravity Z of 


delta voltage triangle 1-2-3 

b. Phenomenon A. Neutral N located near one vertex of delta voltage 
triangle 1-2-3 

c. Phenomenon B, Neutral N oscillates at double frequency ouside of 
delta-voltage triangle 1-2-3 

d. Phenomenon ©. Neutral N oscillates at half frequency inside of 
delta-voltage triangle 1-2-3 


important, as the phenomena are fundamentally “sat- 
uration phenomena.’ 

The potential transformers were designed for normal 
operation at L/N voltage and for emergency (two- 
hour) operation at L/L voltage. Temporary operation 
in case of a ground on one line of the ungrounded 
section, which would apply L/L voltage to two of the 
potential transformers, was: thus provided for; their 
ratings are given in Table I. 


TABLE I 
RATING OF POTENTIAL TRANSFORMERS 
Volts 
Cycles Volt-amperes Operating (L/N) Circuit (L/L) 
60 200 7,200:120 12,000 
25 5. LOOO 63,500 :63.5 110,000 


SUMMARY OF RESULTS 


The peculiar and dangerous saturation phenomena 
described briefly here were obtained frequently when 


3. For discussions from theoretical standpoints, see fol- 
lowing papers, Physical Nature of Neutral Instability, by A. 
Boyajian and O. P. McCarty, and Theory of Abnormal Line-to- 
Neutral Transformer Voltages, by C. W. LaPierre. 
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voltage was applied to grounded-neutral, Y-connected 
potential transformers on temporarily ungrounded 
systems by closing an oil switch; at other times, the 
anticipated normal results, consisting of balanced L/N 
voltages equal to approximately 58 per cent of the 
applied L/L voltages, were obtained under the same 
system conditions. Connections are indicated in 
Figs. la and 8. The phenomena will be considered 
under three classifications, A, B and C (a fourth classi- 
fication, D, covers a somewhat special case). 

Phenomenon A consists of a displacement of the 
neutral (or ground) of the potential transformers from 
its normal position at the center of gravity of the delta- 
voltage triangle to a position near any vertex; the 
displaced neutral may be either inside, on the edge or 
outside of the triangle. Approximate L/L voltage then 
appears on two of the potential transformers, while a 
small voltage of very distorted wave shape appears on 
the third potential transformer. The normal voltage 
condition is indicated in Fig. 2a; one aspect of Phe- 
nomenon A is represented in Fig. 2b. 

Phenomenon A occurred frequently under some con- 
ditions but not at all under other conditions on both the 
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12- and the 110-kv. systems. Representative secon- 
dary voltmeter readings obtained are given in Tables 
II and III, while the three L/N voltages are shown in 
Figs. 4 and 7 (last two cycles in Fig. 7). 

Phenomenon B consists of an oscillation at double 
frequency of the neutral (or ground) of the potential 
transformers outside of the delta-voltage triangle. 
Equal or balanced voltages of unsymmetrical wave 
shape and about 2.7 times normal magnitude appear 
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on the three potential transformers. These voltages 
are accompanied by balanced exciting currents of 
sharply peaked wave shape and about 10 times rated 
full-load current in magnitude; operation well up on 


TABLE II 
12-KV., 60-CYCLE SYSTEM 
7.2-KV. POTENTIAL TRANSFORMERS 
COMPARISON OF PHENOMENA 4, B, AND C WITH NORMAL 
SECONDARY VOLTMETER READINGS 


(Approximate Primary Volts =Tabulated Volts * 60) 


Line-to-line (L/L) Line-to-neutral (L/N) 


Per cent* 1-2 2-3 3-1 1-N 2-N 3-N |Phenomenon 
Capacitance to ground of 12-ky. circuit, 0.035 uf 
94 194.6| 194 196.5 1 ke} 115 111 bid 
94 194.2] 194 195.2 195 ti 180 A 
100 206 206.5] 206.8 | 195 7 183 A 
100 206.5 | 206 207.4 T 174 194 A 
100 206.5| 206.5] 208 187 187 i A 
104 215 .2'| 215 218 125 126 122 is 
104 213.4) 212.8) 215.4 194 i; 180 A 
104 215.8| 214 217.6 | £23 125 122 at 
104¢ 209 207.6) 211.5. |1334.5 | 331.5 336 B 
Capacitance to ground of 12-kv. circuit, 0.845 pf. 
100 207 208 209.2 | 120 119 122 — 
100¢ 197.5] 199 200 147 148 149 (8; 
113 233 55 235 234.8 | 134 133 138 ~ 
113t 224 225 227 155 ieys 155 Cc 


*Approximate—based on potential transformer rating of 208 volts 
L/L (= 1.73 X 120 volts L/N). 

TVolts too low to read on 600-volt voltmeter. 

tSupply voltage practically unchanged from previous reading. - 


the saturation curve is indicated thereby. Distinctly 
audible beats occur with a frequency of from about 
30 to 170 per minute; excessive corona also occurs. 
Phenomenon B is represented in Fig. 2c. 

Phenomenon B started frequently under some con- 


TABLE III 
110-KV., 25-CYCLE SYSTEM 
63.5-KV. POTENTIAL TRANSFORMERS 
COMPARISON OF PHENOMENON A WITH NORMAL 
SECONDARY VOLTMETER READINGS 


(Approximate Primary Volts =Tabulated Volts x 1000) 


Line-to-neutral (L/N) 


Line-to-line (L/L) 
Per cent* 1-2 2-3 3-1 1-N 2-N 3-N |Phenomenon 

100 110.3] 111.8] 109.5 64.1 64.2 64 

110 122.71) 123',8)| 121.4 70.4 71.3 70.5 ; 
110 119 121.8| 119.2 | 138.2 22T 129.8 A 

Duplicate bank of potential transformers added 

100 110.2) 111.9| 109.8 63.5 64 63 she 
100 110 110.5} 108.3 16+ 113.8 | 122.5 A 
110 122 .2 123.2) 122 LOke lar 70 at 
110 121.51) 121.7) 12078 137 114.3 |! 121 A 


*Approximate—based on potential transformer rating of 110 volts 
B/E (= 273" X 63.5 volts L/N). 

yEstimated value. 

{Phenomenon A not obtainable. 


ditions but held long enough to take instrument read- 
ings only at rated L/L voltage or higher on the 12-kv. 
system and even then only at certain times. Repre- 
sentative voltmeter readings are given in Table II; 
as compared with the normal condition, a drop: of 
about 3 per cent in the indicated L/L voltages during 
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B is noticeable; this is evidently caused by the 
excessive exciting currents. The three L/N voltages 
are shown in Fig. 5a for the 12-kv. system and in 
Fig. 7 (part of one cycle) for the 110-kv. system. Fig. 
5b shows the voltages 2-N and 3-2 and the primary 
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Fig. 4—7.2-Kv. Porentian TRANSFORMERS—PHENOMENON A 
(Sun Fre. 3 ror CONNECTIONS) 


Curve A, voltage 2-N 
Curve B, voltage 3-N 
Curve C, voltage N-1 


current in line 2’ on the 12-kv. system; the double- 
frequency current from the primary neutral N’ to 
ground G was about 0.58 ampere. 

Phenomenon C consists of an oscillation at half 
frequency of the neutral (or ground) of the potential 
transformers inside of the delta-voltage triangle. 
Equal or balanced voltages of unsymmetrical wave 
shape and about 1.2 times normal magnitude appear 
on the three potential transformers. These voltages 
are accompanied by balanced exciting currents of 
sharply peaked wave shape and about 15 times rated 
full-load current in magnitude; operation at a point 
on the saturation curve well beyond that for Phenome- 


CO Vac 42> 


a. Curve A, voltage 3-N 
Curve B, voltage 2-N 
Curve C, voltage 1-N 
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b. Curve A, current line 2’ 
Curve B, voltage 2-N 
Curve C, voltage 3-2 


Fig. 5—7.2-Kv. PorrentiaL TRANSFORMERS—PHENOMENON B 


non B is indicated thereby. Distinctly audible beats 
occur with a frequency of about 240 per minute. 
Phenomenon C is represented in Fig. 2d. 

Phenomenon C occurred frequently under one con- 
dition only on the 12-kyv. system. Representative 
voltmeter readings are given in Table II; as compared 
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with the normal condition, a drop of about 4 per cent 
in the indicated L/L voltages during C is noticeable; 
this is evidently caused by the excessive exciting cur- 
rents. Fig. 6 shows the voltages 3-N and 1-3 and the 
primary current in line 3’; the half-frequency current 
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Curve A, voltage 3-N 
Curve B, current line 3’ 
Curve C, voltage 1-3 


from the primary neutral N’ to ground G was about 
0.88 ampere. 

The occurrence of Phenomena A, B, and C, as shown 
by sustained instrument readings, was prevented in 
all cases by adding sufficient secondary burdens of 
resistance. The values (at 120 volts) of the protective 
resistor burdens required on the 12-kv. system are as 
follows: Phenomenon A, at all voltages tried, 72-volt- 
amperes; Phenomenon B, about 20 volt-amperes; 
Phenomenon C at rated L/L voltage, 72 volt-amperes— 
a burden of 72 volt-amperes, therefore, was provided 
for each transformer. Similarly, the burden values 
(at 63.5 volts) required on the 110-kv. system are: 
Phenomenon A (and B), at all voltages tried, 900 volt- 
amperes per transformer with one bank of potential 
transformers or 600 volt-amperes per transformer 
with two banks of potential transformers. 

Results similar to those just described were obtained 
on the 12-kv. system, when other potential transform- 
ers of the same rating were substituted for the first 
group tried. 

In further tests made on the 12-kv. system (capaci- 
tance to ground 0.035 yf.), Phenomena A and B also 
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alone. A different phenomenon (D) occurred when 
the 5.96-kv. tap on this bank was used (this tap, of 
course, would not be used in practise on a 7.2-kv. 
circuit). Phenomenon D consists of an oscillation 
at triple frequency of the neutral (or ground) outside 
of the delta-voltage triangle; equal or balanced voltages 
of about 3.5 times normal appear on the three trans- 
formers; audible ‘‘buzzing”’ and excessive corona occur. 
Phenomenon D did not hold long enough at any time 
to obtain a complete set of instrument readings; evi- 
dently D is easier to prevent than B. 


SIGNIFICANCE OF RESULTS 

Phenomena A, B, and C and the conditions under 
which they occur are not characteristic of any particular 
ungrounded system or type of transformer. Phenom- 
ena B and C endanger the potential transformers them- 
selves; the former also endangers other connected 
equipment. All three phenomena tend to cause in- 
correct synchronizing and incorrect relay operation; 
the difficulties depend to some extent on the secondary 
connections used. 

Y-Connected Secondaries. Ordinarily, if any one of 
the L/N voltages should be chosen for synchronizing 
purposes, it is evident that the indications frequently 
obtained would be considerably in error both in magni- 
tude and in phase position, to say nothing of 
wave shape and frequency. This particular diffi- 
culty could be readily overcome by using any one 
of the L/L voltages. However, the correct effective 
secondary values would not be indicated by the volt- 
meters for Phenomena B or C, although this error would 
be small (see Table II); also, there might be some 
disturbance caused by throwing together two sys- 
tems, one of which was being subjected to Phenom- 
ena A, B or C. 

Broken-Delta-Connected Secondaries. Ordinarily, the 
high-impedance “ground relay’’ connected across the 
broken delta would operate frequently, although no 
accidental ground existed on the system. 

These difficulties can be overcome in various ways 
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Curve A, voltage 3-N 
Curve B, voltage 2-N 
Curve C, voltage 1-N 


occurred when a bank of 13.2-kv. potential transformers 
was connected in multiple with the bank of 7.2-kv. 
transformers; however, neither A nor B occurred when 
the 7.2 kv. bank was disconnected. 

Phenomenon B occurred when a bank of 6.9-kv.;} 
1.5-kv-a. distribution transformers was connected in 


such as by grounding the sections of the system, by 


-using the L/L connection for all potential transformers, 


by providing protective resistor burdens for L/N rated 
potential transformers or by using potential trans- 
formers of considerably higher than L/N-voltage 
ratings for the L/N connection, and thereby lowering 
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the point on the saturation curve at which the trans- 
formers normally operate. The last two methods in 
particular are amplified under “General Recommenda- 
tions.” 

GENERAL RECOMMENDATIONS 


These recommendations are intended to serve as a 
guide in the application of grounded-neutral, Y-con- 
nected potential transformers to three-phase, three- 
wire systems or sections thereof, which are ungrounded 
temporarily or permanently. 

Protective resistor burdens should be used in prac- 
tically all cases if the occurrence of Phenomena A, B, 
and C is to be prevented under all possible operating 
conditions. The approximate relative values of such 
secondary burdens are given in Table IV; secondary 
connections are discussed in subsequent paragraphs. 


TABLE IV 
APPROXIMATE RELATIVE VALUES OF PROTECTIVE RESISTOR 
BURDENS REQUIRED TO PREVENT OCCURRENCE OF 
PHENOMENA A, B, AND C 


Y-connected potential transformers 
Normal Relative 
Primary voltage value of 
System or section neutral neutral rating burdens 
Grounded L/N 1.0 
Ungrounded temporarily Grounded L/L 0.5 
Grounded 2 X L/N a 
Grounded L/N BE te 
Ungrounded permanently Grounded L/L 0.75 
Grounded 2 X< L/N 0.25 


It is always desirable to keep the volt-ampere ratings 
of the protective resistor burdens as small as possible 
and this involves a consideration of the characteristics 
of each proposed installation. The magnitude of the 
burdens provided for the potential transformers of 
L/N voltage design on the 12-kv. and 110-kv. systems 
was determined experimentally and a rough idea of the 
general requirements was thereby obtained; the mag- 
nitude of these burdens constitutes the standard of 
reference for the relative values in Table IV. 

Potential transformers of L/L voltage design without 
protective burdens were entirely satisfactory on -the 
12-kv. system from the standpoint of non-occurrence 
of the phenomena described. Transformers of similar 
design without protective burdens have been. recom- 
mended, therefore, for similar service and so far as 
is known, have also proved entirely satisfactory 
from that standpoint wherever installed. However, 
theoretical considerations and laboratory tests indicate 
that the phenomena may occur under favorable con- 
ditions if standard potential transformers are normally 
operated at approximately 58 per cent of rated voltage, 
as in the above cases, but not if operated at or below 
50 per cent of rated voltage; these values depend, of 
course, on the actual flux densities involved. Protec- 
tive burdens are recommended, therefore, for trans- 
formers of L/L voltage design; the ratio between the 
volt-ampere ratings of the burdens for transformers of 
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L/L and L/N voltage design, respectively, is about 
0.5 to 1; small burdens are recommended for trans- 
formers of twice L/N-voltage design. 

A differentiation is made in Table IV between tem- 
porarily and permanently ungrounded systems. The 
ratio of the volt-ampere ratings of the protective bur- 
dens recommended for the two conditions is about 
1to 1.5. It is believed that a greater margin of safety 
is desirable for permanently ungrounded systems, since 
they are always subject to disturbances tending to 
displace the neutral from its normal position; installa- 
tions of potential transformers on such systems have 
not been investigated. 

In order to make this section more complete, two 
general cases involving Y-connected potential trans- 
formers, but somewhat outside the scope of the paper, 
are included. The first is their application with un- 
grounded or isolated neutral to any three-phase system; 
in this case, the L/N voltages are of little value for 
any purpose; further, if the secondaries are Y-con- 
nected to permit obtaining L/L voltages, the L/N 
voltage waves are distorted because of the suppression 
of the third and its multiple harmonics in the exciting 
currents, as is well known; such installations are not 
recommended. The second case occurs when the 
system and potential transformer neutrals are con- 
nected by means of a fourth conductor, as in method 
(8); this case is covered by standard practise for three- 
phase, four-wire systems. 

Secondary Connections. The protective resistor bur- 
dens recommended for potential transformers with 
grounded primary neutrals must be connected L/N 
if the secondaries are Y-connected. ‘The Y-connection 
is recommended when synchronizing is involved in 
order to permit utilizing the L/L voltage; special con- 
siderations apply when metering is involved. 

An equivalent burden may be connected across the 
broken delta, if the secondaries are so connected, when 
metering is not involved. A similar result may be 
obtained with Y-connected secondaries by utilizing a 
small Y-broken-delta-connected auxiliary transformer 
bank to supply the equivalent burden; four conductors 
must be used to connect the potential and auxiliary 
transformer banks. 

The closed-delta secondary connection should not be 
used when the primary neutral is grounded, since a 
ground on any line of the system would undoubtedly 
cause sufficient circulating current to destroy the 
transformers. 

The secondary neutral (preferably), if Y-connected, 
or one line, if broken-delta-connected, should always 
be grounded in accordance with standard practise. 


Methods of Test 
12-Kv., 60-Cycle System 
(1) OPERATION OF POTENTIAL TRANSFORMERS 


(a) Supplied from 42,000-Kv-a. Transformer Bank. 
Connections are indicated in Fig. 3. Tests were made 
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with the three bus-disconnect switches open; the 12-kv. 
oil switch was open also. Voltage was applied to the 
12-kv. bus and the bank (s) of potential transformers 
by means of the 110-kv. oil switch; this switch was 
closed (and opened) more than 600 times during the 
tests. 

Voltage control of the 110-kv. circuit was not avail- 
able so the usual variations in voltage occurred. ‘Two 
bus voltages differing by about 9 per cent were ob- 
tained by means of taps on the high-voltage windings of 
the three-unit power transformer bank; the ratings 
used were 120 to 12 and 110 to 12 kv., respectively. 
The phase rotation of the 12-kv. circuit was 1’-2’-3’. 

A 60-ohm series resistor and a fuse were connected in 
the primary circuit of each 7.2-kv. potential trans- 
former. The neutral N’ was isolated, when desired, by 
opening the switch between N’ and ground G. 

The current from N’ to G was read on the 5-ampere 
ammeter (if of sufficient magnitude) and its wave shape 
was determined with the oscillograph (not shown) by 
taking the voltage drop across the adjacent a-c. shunt. 
Similarly, the wave shapes of the currents in primary 
lines 1’, 2’ and 3’ were determined from the voltage 
drops across the respective shunts next to N’; the drop 
leads are labelled ‘‘current.”’ 

One 30-kv. electrostatic voltmeter (not shown) was 
connected between lines 1’, 2’ or 3’ and ground to check 
roughly the secondary L/N voltmeters. Except for 
this voltmeter, all instruments used were of the port- 
able type. 

The secondary L/N voltages 1-N, 2-N, and 3-N were 
read on 600-volt voltmeters (lowest scale point, 100 volts) ; 
the L/L voltages 1-2, 2-8, and 3-1 were read on 300- 
volt voltmeters (lowest scale point, 40 volts). The 
wave shapes of these voltages were determined with 
the oscillograph; the leads are labelled “potential.” 
In most cases, series resistances of 4,000 ohms each for 
the three L/N voltages and of 2,500 ohms each for the 
three L/L voltages were used; the small series switches 
shown were open when taking oscillograms of the 
respective voltages and closed at other times in order to 
keep the minimum burdens constant. Each minimum 
burden thus consisted of two parts, one of about 4 
volt-amperes actual L/N and the other of about 29 
volt-amperes L/L or equivalent L/N, both values 
being in terms of 120 volts. 

The lowest resistance tap on the L/N oscillograph 
resistors that could be used even temporarily up to 350 
volts was 1,000 ohms; this constituted a nominal burden 
of about 15 volt-amperes at 120 volts. Larger burdens 
were obtained with the protective resistors, which 
could be connected to give either 36, 72, 144 or 288 
volt-amperes (400, 200, 100 or 50 ohms, respectively). 
These burdens were sometimes connected equivalent 
L/N by isolating their neutral; single burdens were 
sometimes connected L/L. 

The general procedure in preventing the occurrence 
of the phenomena was to determine the amount of 
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burden necessary on each transformer to reduce any 
particular existing phenomenon to normal. Starting 
with a small burden, successively larger burdens were 
connected until reduction to normal took place. The 
correctness of the burden value so determined was 
checked by applying the three equal burdens by means 
of the three-pole switch during several subsequent 
occurrences of the phenomenon. It was found that the 
phenomenon would not occur if the oil switch were 
closed with such burdens or somewhat smaller ones 
connected. The significant value was that necessary 
to prevent the occurrence of the most obstinate phe- 
nomenon. An approximation was sometimes obtained 
by connecting one burden L/N. Also, Phenomenon A 
could be obtained from normal by adding a single 
burden of 288 volt-amperes to any one of the three 
7.2-ky. transformers, when otherwise supplying volt- 
meters (and oscillograph resistors) only. 

Many sets of instrument readings and oscillograms 
were taken in order to cover adequately all phenomena 
encountered or produced, with particular emphasis 
on those associated with actual or possible operating 
conditions. For each set of readings, the instruments 
were read as quickly as possible, so as to obtain com- 
parable values. Accurate instrument corrections were 
not available but the approximate corrections did not 
exceed two per cent, so no corrections were applied. 
For the oscillograms, 12-in. films were generally used at 
fairly high speed for stable conditions and 48-in. films 
at; a somewhat-slower speed for starting or transient 
conditions. Calibrations were taken for each set of 
oscillograms. 


(b) Supplied from 25,000-Kv-a. Generator. Connec- 
tions are indicated in Fig. 3. \ The tests were made 
with the generator ground, the three disconnect and 
the 110-kv. switches open. The potential transformers 
were connected between the disconnect and 12-kv. 
switches for this test only. Voltage was applied by 
means of the 12-kv. oil switch. Generator field control 
was available, so the test voltage range was somewhat 
wider than for (a). The generator voltage was set 
approximately by the field ammeter before closing 
the 12-kv. switch. Instrument readings and oscillo- 
grams were taken and protective burdens were tried as 
described under (a). 


(2) DETERMINATION OF CAPACITANCE TO GROUND 


System connections are indicated in Fig. 3. The 
capacitance to ground of the 12-kv. bus and connected 
equipment was determined by the volt-ampere method. 
Voltage was applied to the generator lines by means of a 
high-potential testing set excited from a separate source. 
A 18,200 to 110-volt potential transformer and a 150- 
volt voltmeter were used to determine the applied 
voltage. The charging current was read on a 5-ampere 
ammeter, which was connected in the grounded line. 
Readings were taken (a) with the generator and poten- 
tial transformer ground and 110-kv. switches open and 
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the bus-disconnect and 12-kv. switches closed and (b) 
with the bus-disconnect switches open. 

The capacitance of the transformers and bus to 
ground equals the difference between the results of 
tests (a) and (6). 

In view of the fact that the capacitance value so 
obtained (0.035 uf.) was relatively small, a check test 
was made by using one of the 7.2-kv. potential trans- 
formers as a step-up transformer, the other two poten- 
tial transformers being disconnected from ground. 
The applied voltage was determined by multiplying the 
secondary voltmeter reading by the nominal trans- 
former ratio. The charging current was determined 
with the oscillograph by taking the drop across a shunt 
connected in the grounded line. Readings were taken 
with the bus-disconnect and 110-kv. switches open. 


110-Kv., 25-Cycle System 


OPERATION OF POTENTIAL TRANSFORMERS 


The set-up was similar to that indicated in Fig. la 
with Oil Switch I open and voltage applied to Potential 
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Second, one leg of the Y-connected secondary was 
short-circuited through a fuse; this generally produced 
Phenomenon A, with the short-circuited phase ‘‘low,”’ 
before the fuse melted. 

One end of each potential transformer primary 
winding was solidly grounded so no current shunts or 
“neutral ammeter” could be used. Voltmeters (150- 
volt) were connected L/L and L/N on the secondaries as 
indicated in Fig. 3 for the Y-Y bank; the ratings of the 
voltmeters used for the broken-delta bank ranged from 
10 to 300 volts. No attempt was made to keep 
the oscillograph resistors balanced because of the 
comparatively large transformer rating (1 ky-a). Volt- 
meter readings and oscillograms were taken and pro- 
tective resistor burdens were tried as described under 
(la); also, single. protective resistor burdens were 
applied to the broken-delta bank by means of a single- 
pole switch. It was impracticable to determine the 


capacitance to ground of the immediate circuit because 
of the solid ground at the neutrals of the potential 
transformer banks. 


a. Curve A, 
Curve B, 
Curve C, 


CPM 12oH#60-A 


b. Start 


current N’-G 
voltage 2-N 
voltage 3-2 


7& 


NANA 


ENN NN 


t 


Curve A, voltage 1-N 
Curve B, voltage 2-N 
Curve C, voltage 3-N 


Fiag. 8—7.2-Kv. PorentraL TRANSFORMERS—NORMAL CONDITION 


Transformer Bank II from Source II by closing Oul 
Switch II. Field control of the Source II generator 
(it and its transformer bank not shown) was available. 
Tests were made with one bank of 63.5-kv. potential 
transformers and also with two 63.5-kv. banks in 
multiple, one bank being connected Y-Y and the other 
bank Y-broken delta. 

Two expedients were resorted to in order to obtain 
the desired number of operations without using the oil 
switch. First, a three-pole, air-break disconnect switch 
was inserted between the power and potential trans- 
formers, and voltage applied to the latter thereby. 
Arcing occurred every time just before the switch 
closed and in every case normal voltages were obtained, 
which was not the case when using the oil switch. 


Detailed Results 


Results supplementing those under “Summary” are 
given in this section; most of the results were obtained 
on the 12-kv. system. A description of the ““Methods 
of Test’’ has been given under that title. The designa- 
tion used for the secondary L/L and L/N voltages and 
the primary currents refers to the numbers of the cor- 
responding lines in Fig. 3; the phase rotation is 1-2-3. 
The term rated voltage always refers to the voltage rating 
of the potential transformers under test. 

In practically every case, the important features are 
illustrated by oscillograms. Eighteen of the thirty 
oscillograms show the start of the several phenomena; 
seventeen show initial transient voltage oscillations, 
which occurred at the rate of approximately 3,500 cycles 


306 


per sec. on the 12-kv. system. As far as possible, 
oscillograms showing more than one phenomenon were 
chosen. Any L/L voltage, when shown, constitutes a 
timing wave, particularly for Phenomena B, C, and D. 

Instrument readings taken in connection with the 
oscillograms are given in Tables V, VI, VII, and IX; 
electrostatic voltmeter readings taken directly on the 
12-ky. circuit are not included in the first three tables 
as they checked the corresponding secondary volt- 
meter readings within expected limits. 


12-Kv., 60-Cycle System 
(I) OPERATION OF POTENTIAL TRANSFORMERS 
(1) Supplied from 42,000-Kv-a. Transformer Bank- 
Capacitance to Ground of 12-Kv. Circwt, 0.035 pf. 
(a) THREE 7.2-Ky. POTENTIAL TRANSFORMERS 


Suppression of Third and Multiple Harmonics. 
Reference was made under “Introduction” to the sup- 
pression of the third and its multiple harmonics of the 
exciting currents, the effects of which are well known, 
in order to bring out the fact that the installations were 
not in accordance with the best practise in this respect; 
also, the phenomena might be attributed to this sup- 
pression. Actually, however, the capacitance to ground 
of the immediate circuit apparently absorbed practi- 
cally all harmonics in the exciting currents, including 
the comparatively large harmonics accompanying the 
approximate saturation of the potential transformer 
cores. 

This is well illustrated for the third harmonics in 
Fig. 8a, which shows voltages 2-N, 3-2 and cur- 
rent N’-G. The L/N and L/L voltage waves show 
practically no distortion; the small neutral current is 
apparently all third harmonic current. Thus. the 
normal L/N voltage readings obtained were practically 
the same as if taken on a three-phase, four-wire system. 

Out of 350 operations of the oil switch with one par- 
ticular bank of potential transformers over a L/L 
voltage range of about 5 per cent, 187 (about 54 per 
cent of total) sets of normal voltage readings were ob- 
tained, although perhaps one-third started out as 
Phenomenon B (q.v.) and a small number as Phe- 
nomenon A (q. v.) 

The start of the three L/N voltages is shown in 
Fig. 8b. The start (as Phenomenon A) of voltages 
1-N, 2-1 and current 1’ is shown in Fig. 10b; oscilla- 
tions in the current are not apparent; the normal 
condition is shown at the right. 

Voltmeter readings taken in connection with all of 
the figures described in this section (a) are given in 
Table V; when possible, ammeter readings of the pri- 
mary neutral-to-ground current N’-G were taken and 
are included in Table V. 

The effect of isolating the primary neutral and 
thereby actually suppressing the third and its multiple 
harmonics is clearly shown in Fig. 9a, in which the 
third harmonic in the two L/N voltage waves is very 
prominent. In this case, the neutral oscillates at 
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triple frequency inside of the delta-voltage triangle. 
Fig. 9b shows the same voltages as Fig. 9a, but the 
L/N wave shapes have been somewhat improved by 
the addition of resistor burdens of 72 volt-amperes 
(200 ohms) per transformer. 

Phenomenon A. Audible evidences of distress in the 
potential transformers during the occurrence of Phe- 
nomenon A were entirely lacking. It was not possible, 
therefore, to determine how many operations started 
Out of 350 operations 
of the oil switch, however, 142 (about 40 per cent of 
total) sets of A voltage readings were obtained; of — 
these, voltages 1-N, 2-N, and 3-N were too low to read 
on their respective voltmeters in the approximate ratio 
of 10 to 60 to 80. Differences in the characteristics of 
the transformers and (or) in the magnitudes of the three 
capacitances to ground are doubtless indicated thereby. 


MD 17260443. 


a. Curve A, voltage 3-N 
Curve B, voltage 2-N 
Curve C, voltage 3-2 


Cot Roa a 


b. 72-v-a.—resistor burdens 
Curve A, voltage 3-N 
Curve B, voltage 2-N 
Curve OC, voltage 3-2 


Fig. 9—7.2-Kv. Porentian TRANSFORMERS—THIRD HARMONIC 
PHENOMENON 


The three L/N voltages are shown in Fig. 4, voltage 
2-N being low; the start of these voltages is shown in 
Fig. 10a. The start of voltages 1-N, 2-1 and current 1’ 
(crest value about 0.17 ampere when symmetrical) is 
shown in Fig. 10b; the relation between voltage 1-N 
and current 1’ is clearly shown near the center, one 
current peak coinciding approximately with each zero- 
voltage point; A quickly relapsed into normal. The 
start of voltages 3-2, 2-1 and current N’-G is shown in 
Fig. 10e. Current N’-G, which has a distorted wave 
shape (crest value about 0.42 ampere at start, 0.17 
ampere subsequently), is absorbed by the circuit capaci- 
tance; the stability of A is indicated by the unvarying 
wave shapes at the right; the distortion of the L/L 
voltage waves is apparently negligible, as would be ex- 
pected from the fact that the exciting currents are 
comparatively small. _ The three primary line currents 
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i TABLE V 


12-KV., 60-CYCLE SYSTEM. 


CAPACITANCE TO GROUND OF 12-KV. CIRCUIT, 0.035 pe. 


THREE 7.2-KV. POTENTIAL 


TRANSFORMERS. SECONDARY L/L AND L/N VOLTMETER READINGS TAKEN IN CONNECTION WITH OSCILLOGRAMS 
(Approximate Primary Volts = Tabulated Volts x 60) 
Line-to-line (L/L) Line-to-neutral (L/N) 

Refer Sec. Pri: 
to Per Phenom- resis. amp. 
Fig cent** 1-2 2-3 3-1 1-N 2-N 3-N enon Comments bdn. N’'-G 
8a 104 217 216* 218.7 125 125* 123 Normal Vims. +* 

b 104 fl Ns 215 21755 125* 126* 123* Normal Vims. “f 
9a 104 216.6 215.4* 218.4 142 138* 142* 3rd N’ isolated Vms. 
b 104 215.2 215* 217.6 127 125* 126* 3rd N’ isolated 72 V-A. 
4 101 210.5 210 212 195* T* 180* A Vms. tT 
10a 103 214 214 216 196* T* 181* A Vms. iti 
b* 102 212* 211 213.5 120* 125 120 A- A didn’t hold Vms. it 
Cc 103 214.8* 214* 216 197 iff 182 A Vis. T* 
d 102 213.4 212 214.8 122* 122* 120* A- A didn’t hold 72 V-A. if 
5a 101 210 209.5 212.7 331* 327 .5* 333* B Vms. 0.57 
b* 102 212 211+ 213.2 340 337* 340 B Vms, 0.58 
lla 104 216 215 217.2 125* 120* 122* B- B (and D) didn’t 
hold Vims. Hp 
b 101 210.4 209.2 212.8* 338* 335 340* B 1.5 cycles of D Vms. 0.575 
c* 102 212 21455 214 197 T 182 AB B didn’t hold Vims. Hi 
d* 101 210.2 209.4 212.8 336.5 332 336.5 B Beats Vims. 0.575* 
e* 101 209.5 208.4 211.4 335 331.5 336 B Vms. 0.575* 
f* 100 208.5 207.6 211 120* 122 119 B- 307* volts N-““N’’}| 288 V-A. GY 
*Item shown in Fig.; primary line current also shown when Fig. No. is marked thus (10b*). f 


** Approximate—based on potential transformer rating of 208 volts L/L (= 1.73 X 120 volts L/N); values for B are about 3 per cent too Jow—-See 


note in Table II. 
tValue too low to read on instrument used. 


tVcltage between transformer secondary neutral N (or G) and resistor neutral ‘“‘N’’ during B. 


are shown in Fig. 11c, A existing at the start and finish 
and B through the center; these currents combine to 
form the neutral current N’-G shown in Fig. 10c. 

A was always reduced to normal by adding a pro- 
tective resistor burden of 72 volt-amperes (at 120 volts) 
per transformer; the effect of these burdens on the three 
L/N voltages is shown in Fig. 10d. A (and possibly B) 
started, existed for a few cycles and then relapsed into 
normal. A short time delay should be provided, there- 
fore, for a ground relay connected across the broken 
delta, when the secondaries are so connected, in order 
to prevent incorrect operation during the starting tran- 
sients. In any case, the voltage across the broken 
delta equals approximately 3 times the voltage N-Z, 
which is represented for various conditions in Fig. 2. 

If sine-wave voltages are assumed for the readings in 
Tables II and V, the neutral N will be found to be 
located just outside the delta-voltage triangle at 94 
per cent voltage as in Fig. 2b, just on the edge in most 
cases at 100 per cent voltage and just inside at 104 
per cent voltage; in no case is the low voltage reversed 
in phase. 

Phenomenon B. There was no mistaking the occur- 
rence of Phenomenon B; in fact, the audible evidences 
of distress in the potential transformers, consisting of 
magnetic beats and excessive corona, first called atten- 
tion to the situation, when preparing to synchronize 
under the conditions indicated in Fig. la. B is the 
most spectacular and at the same time the most sensi- 
tive to external conditions of any of the phenomena 
which held for an appreciable length of time: for 
example, at rated L/L voltage or higher, B failed to hold 


on arainy night; also on a dry night when the bus-dis- 
connect switches in Fig. 3 were closed, thus adding the 
short bus section up to the oil switch. 

Out of 350 operations of the oil switch, 21 (about 
6 per cent of total) sets of B voltage readings were ob- 
tained; however, probably three times as many 
started out as B and relapsed into normal, while per- 
haps two or three relapsed into A. It is interesting to 
note that heavy input-current surges to the 110-kv. 
power transformer bank were occasionally observed 
(measuring equipment not shown in Fig. 3) when the 
oil switch was closed; these surges apparently coincided 
with the start of B. 

The three double-frequency L/N voltages are shown 
in Fig. 5a; the maximum crest value is about 615 volts 
(36.9 kv. primary, or 3.6 times normal crest). Volt- 
ages 2-N, 3-2 and current 2’ are shown in Fig. 5b. 
The relation between voltage 2-N and current 2’ is shown 
for a few cycles, the current peaks coinciding approxi- 
mately with the zero-voltage points of alternate cycles; 
the maximum current crest value is about 1.3 amperes 
(33 times rated full-load crest). The relation between 
the two dents or teeth per half-cycle of voltage wave 
3-2 and the peaks of current 2’ is clearly shown, although ~ 
current 3’ evidently contributes in some places. The 
excessive exciting currents cause large unsymmetrical 
voltage drops in the transformer primary windings and 
thus distort and reduce the induced voltages, which 
combine in the secondary circuits to form the L/L volt- 
ages shown in the figures. 

The start of the three L/N voltages is shown in Fig. 
lia. The maximum crest value after stabilization is 
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72-v-a. resistor burdens (also 


Curve A, voltage 1-N 
Curve B, voltage 2-N 
Curve C, voltage 3-N 


Fie. 10—7.2-Ky. PorentraL TRANSFORMERS—START OF PHENOMBNON A 


d. 
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a. Start (also D) 
Curve A, voltage 1-N 
Curve B, voltage 2-N 
Curve CO, voltage 3-N 


CO 1;2041S-C 
aN fo 4 


b. Start (also D) 
Curve A, voltage 1-N 
Curve B, voltage 1-3 
Curve C, voltage 3-N 
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ce. Start (also A) 
Curve A, current line 1’ 
Curve B, current line 2’ 
Curve ©, current line 3’ 


Fig. 11—continued next page 
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d. Beats 
Curve A, current line 1’ 
Curve B, current line N’-G 
Curve C, current line 3’ 


CoTRAOa1E, s = EM yao So 


e. Curve A, current line 3’ f. 288-y-a. isolated-neutral resistor burdens 
Curve B, current line N’-G Curve A, current line 1’ 
Curve 3, current line 1’ Curve B, voltage between transformer and burden neutrals 


Curve C, voltage 1-N 


Fig. 11—7.2-Ky. PorentTiaL TRANSFORMERS—PHENOMENON B 


TABLE VI 
12-KV.,60-CYCLE SYSTEM. CAPACITANCE TO GROUND OF 12-KV. CIRCUIT, 0.035 uf. POTENTIAL TRANSFORMER 
COMBINATIONS AND DISTRIBUTION TRANSFORMERS. SECONDARY L/L AND L/N VOLTMETER READINGS TAKEN IN 
CONNECTION WITH OSCILLOGRAMS 


Line-to-line (L/L) Line-to-neutral (L/N) 

Refer Trans- Pri 
to Per Phenom- former amp. 
Fig. cent** 1-2 2-3 3-1 1-N 2-N 3-N enon Comments ratio N’-G 

Six 7 2-kv., 0.2-ky-a. potential transformers 
12* | 100 209e | 208.2) | 2111 | 125* | 120 | 115 | ABD- | Normalnotshown| 60:1 | t 
Three 7.2-kv. and three 13.2-ky. potential transformers _ 
13 | 103/56 106* 108 | 107 | 62.5* 62.5* 62 A BD- | Vms. changed | 120:1 | + 
103/56 108 108 108 91.5 93 t A For A in Fig. 13 120:1 7 
Three 6.9-kv., 1.5-kv-a. distribution transformers 

l4a 107 212* 211 213.5 125* 120* 124 A- Normal not shown 60:1 T 

b* 104 207* 206 209.5 so 114 122 A B D- Normal not shown 60:1 T 
106 210 209.5 212.5 284 282 287 B For B in Fig. 14b 60:1 0.5 

5.96-ky. tap on 6.9-kv. distribution transformers 

15 122 242.8* 241.5 244.5 140* 140* 142 A B D- Normal not shown §1.8:1 T 

119 | ng 3 236 485 480 483 D- For Din Fig.15 51.8:1 48 

120 238 238 240 233 1 238 A For A in Fig.15 51.8:1 tT 

Two 7.2-kv. potential transformers connected L/N 

16* 102 212* 135* 125 A B D- 60:1 T 

| 102 213 | 173 175 A For A in Fig.16 60:1 T 

102 212),5 220 219 B For B in Fig.16 60:1 0.3 


*Item shown in Fig.; primary line current also shown when Fig. No. is marked thus (12*). 


** A pproximate—based on 1.73 X L/N voltage rating—values for B (and probably for D) are too low—See note in Table II. 
tValue too low to read on instrument used. 
{Reading not obtained. 


about 615 volts, same as in Fig. 5a, but the maximum non D. The slow variations in alternate successive 
crest before stabilization is about 655 volts; the latter positive (or negative) crest values are at-the rate of 
is attributed to the momentary existence of Phenome- approximately 90 per min. and are accompanied by 
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changes in wave form. Somewhat similar remarks 
apply to Fig. 11b, which shows voltages 1-N, 3-N, and 
1-3. The maximum D crest is about 675 volts (40.5 
ky. primary, or 4 times normal crest); variations are 
noticeable in the wave shape of the L/L voltage, which 
also serves as a timing wave. 

The start of the three primary line currents is shown 
in Fig. lle. This operation started and finished as A, 


Fie. 12—Srx 7.2-Ky. Porentian TRANSFORMERS (Two 
Y-Banxks)—SrTart oF PHeNomeNA A, B, anp D 


Curve A, voltage 1-N 
Curve B, voltage 2-1 
Curve C, current line 1’ 


but B held long enough to show the relations between 
the three currents, which combine to form the neutral 
current N’-G shown in Figs. 1ld ande. The peaks in 
the different lines are not in phase, except (approxi- 
mately) when one peak is small; this means that the 
crest values of the neutral current N’-G do not greatly 
exceed those of the line currents. 

Fig. 11d shows particularly the variations in the 
alternate successive positive (or negative) crest values 
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Fig. 11f shows voltage 1-N and current 1’ with an 
isolated-neutral burden equivalent to 288 volt-amperes 
per transformer. The voltage between the transformer 
neutral N and the burden neutral “‘N”’ is also shown; its 
wave shape is somewhat more symmetrical than that 
of voltage 1-N. The small current drawn by the 
oscillograph and volt-meter prevented B from hold- 
ing; when these devices were not connected B held 
indefinitely. 


B failed to hold with one group of transformers, be- 
cause one transformer arced over. When the defective 
transformer was replaced, this difficulty disappeared. 
This transformer was later given a standard high-poten- 
tial test at 25 kv. and showed no evidences of distress. 
The arc-overs might have been due to momentary 
cycles of D. 

B was usually reduced to normal by changing the 
L/N oscillograph resistor settings to 1,000 ohms (14.4 
volt-amperes) from 4,000 ohms (8.6 volt-amperes). 
The increase in actual L/N burden thus amounted to 
about 11 volt-amperes at 120 volts; much greater L/L 
or equivalent L/N burdens had little effect in this 
respect, as is evident from the description of Fig. 11f. 


(b) MISCELLANEOUS TRANSFORMER COMBINATIONS 
Phenomena A, B, and D 
This section includes results on five different trans- 
former combinations. Voltmeter and ammeterreadings 


taken in connection with the figures described are 


[op 126482-A 


Fic. 18—Turesn 7.2-Ky. anp Turee 13.2-Ky. PorentiAL TRANSFORMERS (Two Y-Banks)—Start oF PHENOMENA A, B, D anp 
“NORMAL” 


Curve A, voltage 1-N 
Curve B, voltage 2-N 
Curve C, voltage 2-1 


of currents 1’, 3’, and N’-G, which occur at the rate of 
approximately 260 per min. for the double-frequency 
neutral current and 85 per min. for the line currents. 
The approximate maximum crest values are 1.75 am- 
peres for current N’-G and 1.6 amperes for currents 
1’ or 3’.. The same currents are shown more spread 
out in Fig. 1le; the differences between the adjacent 
negative crest values of the neutral current are quite 
pronounced. 


given in Table VI; supplementary sets of readings, 
corresponding to the various phenomena shown in the 
figures but not taken at the same time, are included 
when available. 

Fig. 12 shows the start of voltages 1-N, 2-1 and cur- 
rent 1’ for two banks of 7.2-kv. potential transformers; 
the primaries but not the secondaries were connected 
in multiple. A trace of Phenomenon A and perhaps 
three separate cycles of D are shown at the start and 
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several cycles of B are shown subsequently. The maxi- current to ground during B. The approximate L/N 
mum voltage and current crest values for D are some- voltage for B was 290 volts; this value was obtained 
what higher than for B; the existence of a large triple- during the brief intervals when B started and held 


TABLE VII 


12-KV., 60-CYCLE SYSTEM. CAPACITANCE TO GROUND OF 12-KV. CIROUIT, 0.845 uf. THREE 7.2-KV. POTENTIAL 
TRANSFORMERS. SECONDARY L/L AND L/N VOLTMETER READINGS TAKEN IN CONNECTION WITH OSCILLOGRAMS 


(Approximate Primary Volts = Tabulated Volts xX 60) 


Line-to-line (L/L) Line-to-neutral (L/N) 
Refer Pri. 
to Per Phenom- amp. 
Fig. centt 1-2 2-3 3-1 1-N 2-N 3-N enon Comments N’'-G 
6* 96 197.5 199 200* 147 148 149* G 0.88 
17a 95 196 197.4 199 148* 148* 149* GE 0.89 
b* 96 198 199.2 201* 149 149 150* ‘G 0.88 
c* 96 198 198.8 200.5 147 148 149 G Beats 0.88 
d 96 197.5 198 .8* 200. 5* 146 148 149 G ; 0.87* 
100 207 208 209.2 120 119 122 aa Normal F 


*Item shown in Fig.; primary line current also shown when Fig. No. is marked thus (6*). : 
+Approximate—based on potential transformer rating of 208 volts L/L (= 1.73 X 120 volts I./N); values for C are about 4 per cent too low. 
tValue too low to read on 5-ampere ammeter. 
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Curve A, voltage 1-N 
Curve B, voltage 2-N 
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b. A, Band D 
Curve A, voltage 1-N 
Curve B, current line 1’ 
Curve C, voltage 2-1 


Fra. 14—6.9-Ky., 1.5-Kyv-a. DisrrrsuTiIon TRANSFORMERS—START OF PHENOMENA 


frequency current to ground during D is indicated by temporarily in 17 out of 28 operations of the oil switch; 
the three teeth per half cycle of the L/L voltage, the other 11 operations apparently started out as, and 
whereas there are only two for the double-frequency the 17 relapsed into, normal. 
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. DisTRIBUTION TRANSFORMERS—START OF PHENOMENA A, B anp D 


Curve A, voltage 1-N 
Curve B, voltage 2-N 
Curve C, voltage 2-1 
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Fie. 16—Two 7.2-Ky. PotentiaAL TRANSFORMERS (CONNECTED L/N)—Start oF PHENOMENA A, B, D anv ““NorMAv’”’ 


Curve A, voltage 1-N 
Curve B, voltage 2-1 
Curve C, current line 1’ 


The start of voltages 1-N, 2-N and 2-1 is shown in Fig. 
13 for one bank of 7.2-kv. and one bank of 138.2-kv. 
potential transformers in multiple; the voltage read- 
ings and oscillograms were taken on the 13.2-kv. trans- 
former secondaries. Traces of A and D are shown at the 
start and several cycles of B and normal are shown sub- 
sequently. Practically no distortion appears in the L/L 
voltage, indicating that the phenomena were generated 
solely by the 7.2-kv. bank. 


Fig. 14a shows the start of voltages 1-N, 2-N and 2-1 


fco \2eS04-A 


a. Start 
Curve A, 
Curve B, 
Curve C, 


in A for one bank of 6.9-kv., 1.5 kv-a. distribution 
transformers; voltage 2-N is low. Fig. 14b shows the 
start of voltages 1-N, 2-1 and current 1’. Perhaps 
three separate cycles of D are shown; the crests of the 
accompanying currents are higher than those for B 
(see remarks for Fig. 12). A is shown also, with 
voltage 1-N low. 

Fig. 15 shows the start of voltages 1-N, 2-N and 2-1 
for the 5.96-kv. tap on the 6.9-kyv. distribution trans- 
formers. Traces of A and several cycles of B are 
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voltage 1-N 
voltage 2-N 
voltage 3-N 


Fig. 17—continued next page 
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b. Start 
Curve A, voltage 1-3 


Curve B, current line 3’ 
Curve C, voltage 3-N 
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c. Beats 
Curve A, current line 1’ 


Current B, current line 2’ 
Curve C, current line 3/ 
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d. Start 
Curve A, voltage 1-3 
Curve B, current N’-G 
Current 3, voltage 3-2 


Fig. 17—7.2-Ky. PorentraL TRANSFORMERS—PHENOMENON OC 
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shown. ‘Two trains of several successive cycles each 
of D are shown; in each case, D terminated in an arc- 
over. The maximum crest value shown is about 650 
volts (83.7 kv. primary, or 4 times normal crest). 
This is the only connection for which D held for more 
than about one cycle, thus making voltmeter readings 
possible; however, D did not hold long enough even in 
this case to obtain a complete set of readings. It is 
evident, therefore, that D is much less likely than B 
to sustain itself. 

The start of voltages 1-N, 2-1 and current 1’ is shown 
in Fig. 16 for two 7.2-kv. potential transformers con- 


TABLE VIII 
CAPACITANCE-TO-GROUND TEST RESULTS 
12-ky. Circuit 


Calculated 


Impe- | Capaci- 


Voltmeter | Ammeter dance tance Description 

Reading Reading Volts ohms uf. (see Fig. 3) 
100 3.975 12,000 3020 0.880 Complete circuit 

100 3.815 12,000 3145 0.845 Generator only 


0.035 | Bus and transform- 
ers only 


nected L/N; the third transformer was disconnected 
by removing its fuse. Secondary burdens 3-2 and 1-3 
were disconnected to prevent partial excitation of the 
secondary from the other two transformers. Traces of 
A and possibly D and a few cycles of B and normal are 
shown. The maximum crest values for the B voltage 
and current are about 510 volts and 1.2 amperes, 
respectively. Evidently the phenomena are not sup- 
pressed by omitting one transformer. 


(2) Supplhed from 25,000-Kv-a. Generator-Capacitance 
to Ground of 12-Kv. Circuit, 0.845 pf. 


THREE 7.2-Kv. POTENTIAL TRANSFORMERS 


Phenomenon C. The occurrence of Phenomenon C 
was evidenced audibly only by magnetic beats, since 
the L/N voltages were too low to cause corona. Volt- 
meter and ammeter readings taken in connection with 
the figures described are given in Table VII. 

Fig. 6 shows voltages 3-N, 1-3 and current 3’; the 
relation between voltage 3-N and current 3’ is shown 
for a few cycles, the current peaks coinciding approxi- 
mately with the zero-voltage points of alternate cycles; 
the maximum current crest value is about 1.75 amperes 
(45 times rated full-load crest). Fig. 17a shows the 
start of the three L/N voltages; slow variations in 
wave shape occur at the rate of about 53 per min. 
Fig. 17b shows the start of voltages 3-N, 1-3 and cur- 
rent 3’. The distortion of the L/L voltage wave 
caused by the excessive exciting currents is shown more 
clearly in Fig. 17b than in Fig. 6. 

Fig. 17¢ shows the three line currents, which combine 
to form the neutral current N’-G shown in Fig. 17d. 
Slow variations in successive positive (or negative) 
crests occur at the rate of about 120 per min.; the maxi- 
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mum crest value is about 2.1 amperes (54 times rated 
full-load crest). Fig. 17d shows the start of voltages 
1-3, 3-2 and current N’-G. Variations in the wave 
shape of the latter are noticeable; the maximum crest 
value at the start is about 2.9 amperes and after 
stabilization, 2.3 amperes. 

At rated voltage, C was reduced to normal by adding 
a protective resistor burden of 72 volt-amperes (at 120 
volts) per transformer. A larger burden was necessary 
at higher voltages, but it was not anticipated that such 
voltages would be encountered under normal operating 
conditions. 


(II) DETERMINATION OF CAPACITANCE TO GROUND 


The approximate test results outlined here were 
obtained by the volt-ampere method as described 
under “Methods of Test.’”’ Representative instrument 
readings taken are given in Table VIII, together with 
the calculated impedance and capacitance to ground 
of the 12-kv. circuit. Owing to the fact that the capaci- 
tance to ground of the 12-kv. bus and transformers 
was only a small fraction of either of the two calculated 


Fie. 18—Six 63.5-Kyv. PortpentiaL TRANSFORMERS (ONE Y-Y 
Bank; OnE Y-Broken-DELTA BANK)—PHENOMENON A 


Curve A, voltage across broken delta 
Curve B, voltage 3-N 
Curve C, voltage 1-2 


values from which it was determined, a check test 
was made by a more direct method. The result ob- 
tained was about 5 per cent greater than 0.035 uf.; 
part of this was due to the fact that no allowance was 
made for the voltage rise in the potential transformer. 
This close agreement between the two sets of results is 
very satisfactory under the circumstances. 

It was not possible to determine the capacitance to 
ground of each of the three phases under the different 
conditions. However, there is no reason to believe 
that it should differ appreciably from one-third of the 
proper total value obtained from test. 


110-Kv., 25-Cycle System 
OPERATION OF 68.5-Kv. POTENTIAL TRANSFORMERS 


Phenomenon A. The occurrence of Phenomenon A 
at rated L/L voltage or higher was evidenced audibly 
by increased corona, due to the comparatively high 
voltage (110 kv. or more) to ground on two of the lines. 
The voltage waves obtained for A (and B) and the 
normal condition were of the same general shapes as 
those on the 12-kv. system, so only two figures are 
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included, both of which were obtained when two banks 
of potential transformers (one Y-Y; one Y-broken 
delta) were connected in multiple; this represents 
the usual operating condition. Voltmeter readings for 
these figures are given in Table IX; for A, the neutral is 
displaced from its normal position by approximately one- 
third the reading of the voltmeter connected across the 
secondary of the Y-broken delta bank. 

Out of 27 operations of the oil switch at rated voltage, 
15 (about 56 per cent of total) sets of normal voltage read- 
ings and 12 (about 44 per cent of total) sets of A voltage 
readings were obtained; of the latter, voltages 1-N, 
2-N and 3-N were too low to read on their respective 
voltmeters in the ratio of 50 to 33 to 17. 

The start of the three L/N voltages is shown in Fig. 
7; initial oscillations occur at the rate of approxi- 
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burdens (about 3.4 ohms each) in terms of one bank, 
amounted to approximately 10 ohms. 

It was not possible to obtain A at rated voltage with 
only one bank of potential transformers connected; 
however, A did occur frequently at 110 per cent of 
rated voltage. Voltmeter readings are given in Table 
III. 

Protective resistor burdens of 900 volt-amperes per 
transformer were necessary to prevent the occurrence 
of A at 110 per cent of rated voltage. The single 
protective burden for the Y- broken-delta bank, found 
to be equivalent to the three 900 volt-ampere L/N 
burdens (about 4.5 ohms each) for the Y-Y bank, 
amounted to approximately 13.5 ohms. 

It is evident that the total resistance of the necessary 
protective burden is independent of its connection; 


TABLE IX 


110-KV , 25-CYCLE SYSTEM. 
Y-BROKEN DELTA. 


SIX 63.5-KV. POTENTIAL TRANSFORMERS. 
SECONDARY VOLTMETER READINGS TAKEN IN CONNECTION WITH OSCILLOGRAMS 


CONNECTIONS: ONE BANK, Y-Y; OTHER BANK 


(Approximate Primary Volts = Tabulated Volts x 1000) 


Line-to-line (L/L) 


Line-to-neutral (L/N) 


Refer Broken- 
to Per Phenom- delta 
Fig. centt 1-2 2-3 3-1 1-N 2-N 3-N enon Comments vm. 
7( 110 121 21D 120.3 137f 114.5* 121* A Part cycle of B 196 
18 76 84.5* 84 82.2 44.5 108.2 124,7* A Volts reduced after 
taking Fig. 7 258* 
110 122 123 121.8 69.9 Wied 70 Normal 110% 4.1 
78 86.1 86.7 85.4 49.8 50 49.5 Normal 76% 1.8 


*Item shown in Fig. 


+Approximate—based on potential transformer rating of 110 volts L/L (= 1.73 X 63.5 volts L/N). 


tEstimated value. 


mately 4,200 cycles per sec. About one-half cycle of 
Phenomenon B and two cycles (after stabilization) of 
A are shown. 

Fig. 18 shows voltages 3-N and 1-2 on the Y-Y bank 
and the broken-delta voltage on the bank so connected. 
This extreme example of A, in which the greatest L/N 
voltage is 50 per cent greater than the L/L voltage and 
in which the neutral has been displaced by the approxi- 
mate amount of the L/L voltage (one-third of 258 
volts) from its normal position, could be obtained only 
by reducing the voltage after once establishing A. 

The occurrence of A (and B) was prevented for two 
banksin multipleat all voltages tried by adding protective 
resistor burdens of 600 volt-amperes (at 63.5 volts) per 
transformer. The single protective burden connected 
across the broken delta of one bank, found to be equivalent 
to the six 600-volt-ampere L/N burdens (about 6.7 ohms 
each) or, preferably, to the three 1,200 volt-ampere L/N 


for example, substantially the same protective efficiency . 
will be obtained with 15 ohms connected across a broken 
delta as with three 5-ohm burdens connected Y, for 
the corresponding secondary connections. 

If sine-wave voltages are assumed for the readings in 
Tables III and IX, the neutral N will be found to be 
located outside of the delta-voltage triangle in all cases, 
as in Fig. 2b. For two banks in multiple, N is near 
the edge at 110 per cent voltage, considerably outside 
at 100 per cent and far outside the triangle at 76 per 
cent voltage. For one bank only, N is considerably 
outside the triangle at 110 per cent voltage; in this, as 
in the two previous cases, the low voltage can be said 
to be partly reversed in phase. 


Discussion 
For discussion of this paper see page 342. 


Physical Nature of Neutral Instability 


BY A. BOYAJIAN: 


Fellow, A. I. E. E. 


Synopsis.—Experience has established the fact that the neutral of 
a three-phase system may become subject to certain strange phenom- 
ena of instability under apparently normal conditions. The 
disturbances are of two distinct classes: (1) persistent shift or 
inversion of the neutral, resulting in unequal leg voltages; and, (2) 
persistent oscillation of the neutral (with equal effective voltage 
in all three legs) at approximately one-half, double, or triple 
frequency. While in the ultimate analysis saturation is at the 
basis of the phenomena, a more definite explanation is given as 
follows: 


1. Neutral shift or inversion is a fundamental frequency 
phenomenon, and is due to the fact that the volt-ampere curve of 
the combination of an iron core reactor (transformer magnetizing 
current) in shunt with a suitable capacitor has one zone which is 
lagging and one which is leading. Ina Y-Y bank of transformers, 
with suitable balanced line capacitances to neutral following a 
switching disturbance, one leg may act leading, the others lagging, 
and thus invert the neutral. 


2. Oscillations of the neutral tend to take place at its natural 
frequency, but since, due to inevitable losses, not all oscillations 
can persist, in course of the starting transient the oscillation is 
resolved to the nearest lower frequency which is able to draw energy 
from the circwit by approximating harmonic relationship to it. 
The even harmonics are accounted for by the persistence of residual 


INTRODUCTION 


ROM time to time the attention of the Institute 

has been drawn to some peculiar troubles accom- 

panying the operation of Y-Y connected trans- 
formers with their neutral grounded on an otherwise 
isolated system.2. Such a scheme of operation is ob- 
jectionable for other reasons besides the peculiar 
phenomena observed, and power transformers are 
not operated in this fashion nowadays, unless 
equipped with tertiary delta windings. The peculiar 
phenomena referred to above were, therefore, of only 
theoretical interest for many, until it was learned 
that such a scheme of operation is being used in 
a number of potential transformer installations, con- 
stituting a possible hazard to the system and connected 
apparatus. In view of the importance of the problem, 
and the obscurity of the phenomena, a combined theo- 
retical and laboratory study was recently undertaken 
by the authors to elucidate the physical nature of the 
phenomena. The conclusions arrived at here are in 
some respects different from those of earlier investiga- 
tors reported to the Institute, although not inconsistent 
with the works of Heegner’® and Lampert! in Germany. 
The studies of these latter authors, however, have a 
bearing on only one group of the phenomena here dis- 
cussed. Although the theories here advanced need 
not be considered complete in all detail, they are 


1. Both of General Electric Company, Pittsfield, Mass. 

2. For references see Bibliography. 

Presented at the Southern District Meeting No. 4, of the 
A. I.E. E., Louisville, Kentucky, November 19-22, 1930. 
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in the core, whether left from previous excitation or brought about 
by the direct current component of starting transient. 

In single-phase circuits, the half-frequency oscillations of the 
neutral are exactly half frequency, but in three-phase circuits it 
may deviate from this somewhat, producing a continued phase- 
shift between the neutral potential and the impressed frequency, 
and resulting in beats. 

It is commonly recognized that in a core subject to saturation 
energy can be put in at fundamental frequency and drawn out at a 
higher harmonic. This principle is here amplified and made 
reversible by postulating that energy may flow not only from funda- 
mental to its harmonics but also from these harmonics to funda- 
mental, if a suitable source of harmonic energy is connected to the 
circuit. This principle is then generalized whereby energy may 
flow not only from a higher harmonic to fundamental, but also from 
fundamental to an oscillation at subnormal or fractional frequency, 
the fundamental acting as a higher harmonic of the oscillation at 
subnormal frequency. 

Laboratory tests are described (a) reproducing some of the dis- 
turbances observed in the field, and (b) supporting the theories 
outlined above. 

Preventative measures and laboratory tests with them are also 
discussed. 


believed to interpret correctly the physics of these dis- 
turbances. 

The phenomena under discussion are found only in 
circuits with capacitance and saturation, and therefore, 
it is proposed to build up the present discussion starting 


E 


=i at 


Leading Lagging 
Fiqa. 1—Vout-AMPERE CuRVE OF AN [RON-CorE REACTOR AND 
A CAPACITOR IN PARALLEL 
Tt, curve for reactor; Ic, curve for capacitor; Jo, resultant of the two in 


parallel 


with an analysis of the characteristics of iron-core 
reactors in combination with capacitors. 


TRON-CORE REACTOR SHUNTED BY A CAPACITOR 


In Fig. 1, the dotted curve I, is the volt-ampere 
characteristic of the saturating inductance, such as the 
magnetizing current of a transformer, and dotted curve 
I, is that of the shunt capacitance. The resultant 
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characteristic curve of the combination is shown by the 
heavy curve J,. It is realized that the exciting current 
of a transformer is much more complicated than that of 
a capacitor. While the latter may be considered asyield- 
ing a pure leading current, the former will always contain 
a lagging component, a power component and harmonics. 
As the lagging component is frequently 80-90 per cent 
of the total exciting current, it is important to know 
its behavior in the network, and Fig. 1 is drawn 


E 


Eo g; 


E; 


Fig. 2—Deraits oF Jo FROM Fia. 1 


for the fundamental frequency reactive components 
of the currents. The effect of losses and harmonics 
will be discussed later. 

A magnified curve of J, is given in Fig. 2, and three 
zones are marked on it for detailed analysis and 
comparison. 

Zone O-A. Fig. 2. In this zone J, is leading, and 
the combination behaves like a capacitive reactance. 
As the graph is substantially straight, the circuit param- 
eter; that is, the equivalent capacitive reactance of the 
combination, is constant; and the behavior of the cir- 
cuit is stable, like any linear impedance. 

Zone A-B. Fig. 2. This zone covers the same cur- 
rent values as in O-A but at a higher voltage, so that 
the function O-A-B is double valued. Furthermore, 
in the zone A-B, with increasing voltage the current 
decreases. In terms of impedance, the gross apparent 
reactance of the combination for the main current is 
still leading or capacitive, but its incremental reactance; 
that is, the reactance for superposed smaller currents, 
is lagging or inductive. 


E 
X, considered as ae is negative, leading, capaci- 


tive; but, 
, INS ae ato Pe, 
X, considered as 7s positive, lagging, inductive. 
Now such a characteristic is a source of instability 


under suitable conditions, somewhat analogous to the 
case of an are of which the incremental resistance is 
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opposite to its gross resistance and leads to instability 
under certain conditions. If, in a network, such a 
combination operating at the point N is in equilibrium, 
in the sense that the terminal conditions will be satis- 
fied thereby, such an equilibrium may be unstable when 
disturbed, the point N moving either up into zone B-D 
or down into zone O-A to find a point of stable equi- 
librium, or it may fail to reach equilibrium and the 
point N may remain in a state of persistent oscillation. 
Corresponding to these two cases to be discussed later 
in detail, namely, where an abnormal condition of 
equilibrium is established, or, where the point N oscil- 
lates indefinitely, we have the two categories of troubles 
experienced in the Y-Y operation of potential trans- 
formers, namely, inversion or shifting of the neutral 
and the oscillation of the neutral. 

Zone B-D. Fig. 2. In this zone, the current is 
lagging, and increases with the voltage (even though 
not in direct ratio); so that both the gross and the 
incremental reactance of the combination are induc- 
tive, and the behavior of the combination is substan- 
tially that of a plain saturating inductive reactance. 
An equilibrium point in this zone tends to be stable. 

We may now proceed to build up the characteristics 
of such combinations in networks, with particular refer- 
ence to the inversion of neutral and the oscillation of 


neutral. 
INVERSION OF NEUTRAL 
Inversion in a Single-Phase Circuit. Referring 


(a) 


to Fig. 3A, let branches 1 and 2 be duplicates. A point 
A 


D 
Cc 
Eo E; < 
eR Sees E 
E; 
Ez 
oS 
Fre. 3 


A. Sineue-PHase Circuit with UNsTaBLE NEUTRAL 

B. Vector Diagram For NoRMAL CoNDITION OF NEUTRAL 

C. Vercror D1iaGRAM FOR INVERTED NEUTRAL 

D. Vector DiacRamM FOR NEuUTRAL INVERSION WITH A 
PROMINENT QUADRATURE COMPONENT 


of equilibrium for N is obviously half way between the 
potentials of the terminals, as shown in Fig. 2, and also 
by the vector diagram of Fig. 3B: 


E, — E, — E)/2, 


where E) is the line voltage, and H#, and E, are the 
branch voltages. If the branch voltages H; and E, are 
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within the zone O-A (as shown in Fig. 2), the potential 
of N will be normal and stable, once so established. 
In Fig. 3B the line current will be leading, both branches 
acting capacitively. Assume, however, that when the 
line switch is closed, the starting transient unbalances 
the voltages and carries one of the branch voltages, say 
EH, into zone A-D. A new and abnormal condition 
of equilibrium may now become established as follows: 

Considering the characteristic curve, Fig. 2, it is seen 
that not only 


Ey ae Ey, = E,, 
but also, 
By +. Joie = Eo. 


In the latter case, H.’ is negative, EF,’ is greater than 
the line voltage (see also the vector diagram of Fig. 3c), 
and the neutral potential is outside of the line voltage. 
- Obviously, one leg or branch of the circuit is acting 
inductively, the other capacitively. 

With a different line voltage, say Ey”, (Fig. 2), a still 
different type of abnormal equilibrium may take place 
with the leg or branch voltages assuming the values 
E,” and E,” respectively, in which case then, both 
branches are operating capacitively, one overexcited, 
the other underexcited. 

A still different position of the neutral may corre- 
spond to one leg operating in the zone A-B, the other 
in the zone B-D, both legs overexcited. Such a case 
was observed in single-phase tests. 

Effect of Losses and Harmonics. The effective re- 
sistance of each branch will obviously give a voltage 
drop in quadrature with the reactive drop, and since the 
ratio of resistance to reactance may not be the same in 
both branches, H,’ and E,’ need not be parallel to each 
other, but may be out of phase, as shown in Fig. 3D. 
The losses may thus modify the position of the neutral, 
but are not at all inconsistent with the existence of two 
different conditions of equilibrium, such as (H,, EF.) and 
(B,', E2’). 

Harmonics cannot directly influence the position of 
the neutral of the fundamental frequency voltages, ex- 
cept indirectly by modifying the character of saturation. 
Oscillograms of inversion show that the harmonics are 
of relatively small value and exert no controlling influ- 
ence on the phenomena. 

So far as the effective values of the voltages are con- 
cerned, such as measured by r. m.s. voltmeters, har- 
monics always act as if they were at right angles to the 
fundamental (and to each other), and thus give an 
apparent shift to the neutral at right angles to the line 
voltage, as well illustrated by the laboratory tests. 

(b) Inversion in a Three-Phase Circuit. If the 
neutral of a Y-Y or Y-broken-delta bank of transformers 
is grounded on a circuit which is otherwise isolated, the 
neutral of the transformers is joined to the neutral of 
the line capacitances to ground, and we have an equiva- 
lent circuit such as shown in Fig. 6A. Each leg of this 
network will have a volt-ampere characteristic similar 
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to Fig. 2, capable of acting either as a capacitive reac- 
tance or as an inductive reactance. 

Assuming the three legs as duplicates, the normal 
position of the neutral will be at the center of gravity 
of the line voltage triangle. However, other positions 
of equilibrium also exist, as for instance, two of the legs 
operating in the zone B-D with a lagging power factor, 
and the third in the zone O-A with a leading power factor, 
as explained for the single-phase circuit, in which case, 
one leg will be reversed, the other two will be greatly 
overexcited, and the neutral will fall outside of the 
triangle of line voltages. The alternative case, in 
which all the legs operated capacitively, one in the zone 
O-A, the other two in the zone A-B, as discussed in 
connection with single-phase neutral shift, the neutral 
falling just inside the line voltages, has also been 
observed.® 

Since any one of the legs may become underexcited, 
depending on the instant of switching, there will be at 
least three abnormal and stable positions of the neutral. 


Primary 


Secondary 


Fig. 4—Circuir CONNECTION FOR SINGLE-PHASE NEUTRAL 
InsTaBiILiry TEsts 


Voltage corresponding to normal neutral is neutralized and eliminated 
from £3 which therefore exhibits only shifts and oscillations of the neutral 


In the foregoing discussion, it was assumed that two 
legs may become overexcited, one underexcited. The 
other alternative, namely, two underexcited and one 
overexcited, is not ordinarily likely, because, no matter 
which two legs are considered, they will have to stand 
the line voltage common to them. If the tests are 
made at such a low voltage that even with line voltage 
the density in the two legs is low in the zone O-A; 
then, for the same reason, it may become impossible to 
carry the third leg into the high density zone B-D by 
any switching transient, or find an equilibrium point 
there. 

Losses and harmonics may shift somewhat the posi- 
tion of an abnormal neutral, but, unless intensified far 
beyond usual proportions, will not affect the persistence 
of an abnormal neutral potential. 

Single-Phase Inversion Tests. If the theory of inver- 
sion outlined above is true, it should apply to a single- 
phase circuit as well as to three-phase. To verify this, 
two duplicate standard potential transformers, rated 
13,200 volts to 110 volts, were connected in series to 
yield a neutral point, as shown in Fig. 4, and each trans- 
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former was shunted by a variable capacitance. The 
settings of the capacitances of the two branches were 
made alike in all cases, so that the potential of the 
neutral would normally be halfway between those of the 
terminals. When the circuit was connected to the 
generator, and the voltage gradually brought up by field 
control, the neutral was found to be normal in all cases. 
However, when the generator was first excited to the 
desired voltage, and the voltage suddenly thrown on the 
load, inversion of the neutral point was observed over a 
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fairly wide range of capacitances, this range depending 
on the excitation of the transformers. 

Referring to Fig. 4, the secondaries (low voltages) of 
the potential transformers will be seen connected in 
series opposition. The purpose of this was to segregate 
the abnormal voltage component of the neutral. Ob- 
viously, with balanced branch voltages the terminal 
voltage of the secondaries (as connected up) would be 
zero, but if the neutral should shift, invert or oscillate, 
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the phenomenon will then appear in the resultant volt- 
age of the two secondaries in its pure form, unmixed 
with normal voltages. 

With line voltages, representing from 100 to 120 per 
cent excitation on the potential transformers, the 
neutral of this single-phase bank would frequently 
come in inverted, with capacitances from 0.025 to 0.050 
uf. across each unit (on the high voltage side). A 
representative set of readings is as follows: 


TasBLe I 


Line voltage representing 120 per cent excitation: 


Vector 
Ey Ee Ey Oscillogram diagram 
198% 178% 328% Figs.5a,5B Fig. 5c 


(Note: The voltages are in per cent of the values correspond- 
ing to normal neutral). 


The oscillograms in Figs. 5A and 5B show that all the 
voltages are of fundamental frequency and of reasonably 
good wave shape. Considering the vector diagram in 
Fig. 5c, the branch voltages are seen as of the same order 
of magnitude, and that the neutral has shifted almost 
in quadrature with the impressed voltage. The signifi- 
cance of this is that one of the branches is operating 
capacitively in the zone A-B (Fig. 2) fairly close to B, 
the other inductively in the zone B-D, but again fairly 
close to B. Only such a combination will give an in- 
version in which HE, and-E, will be so nearly equal. 
There were a good many cases of inversion in which the 
branch voltages were very unequal, but these were 
usually complicated by superposed oscillations. Inver- 
sions with unequal leg voltages, unmixed with oscilla- 
tions, were more easily obtained in three-phase tests. 


It is further to be observed in connection with the 
vector diagram (Fig. 5c) that the voltage E’; is vectorially 
equal to twice the neutral shift, as theory would 
demand. 

Three-Phase Inversion Tests. The circuit utilized is 
shown in Fig. 6A. It should be observed that when the 
neutral is normal, the voltage across the corner of the 
delta will be zero, but when the neutral moves from this 
position, it will show in the corner of the delta. Thus, 
the phenomena showing across the corner of the delta 
are entirely those of zero sequence components: whether 
they are third harmonic, or something else, is purely 
incidental. That is, any voltage of any frequency in 
the leg voltages will show across the corner of the delta 
if it is of zero phase sequence, and will cancel out if it is 
symmetrical polyphase. In more common terms, only 
those phenomena which disturb the neutral can appear 
across the corner of the delta, all others cancel out. 
Voltage oscillograms taken at this point, therefore, 
show clearly the nature of the disturbance of the neutral. 
The magnitude of this voltage will be three times the 
corresponding component in each leg. 
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1. Vector diagram of readings, Fig. 68 
Oscillogram Figs. 6c, 6D 
Capacitance 0.020 uf. per leg. 
Impressed voltage 100 per cent of rating 


Observed, leg 1 96 “ “ of line voltage 
“ 2 110 “ “ “ “ “ 
7 “« 3 iT “ “ “ “ “ 
Cor. of delta 190 see. pe Lanes és 
eu € Mi SOOr wea “ neutral shift 


2. Capacitance 0.010 pf. per leg: 
Impressed voltage 75 per cent of rating 


Observed, leg 1 28 “ “ line voltage 
“ 3 114 «“ «“ “ “ “ 
“ 3 103 “ “ “ “ “ 
Cor. of delta D0 ei Es Sx ; 
SN eS 300 “ “ neutral shift 


(Note: Wave shape and vector diagram of case No. 2 were 
very similar to those of No. 1 and were therefore omitted). 


Comments: 

1. The oscillograms (Figs. 6c and D) show that the 
phenomena are of fundamental frequency and of 
reasonably good wave shape. 

2. The data show that two legs are overexcited 
(acting inductively) and one underexcited (acting 
capacitively). The fact that the neutral shift is not 
exactly parallel to the normal leg voltage of the under- 
excited leg is largely due to the losses. 

3. It was observed that any one of the three legs 
might come in reversed, on switching-in. 

4, Inversion did not, of course, take place at every 
switching-in operation. As the upper or lower limit 
of the capacitance range was approached (0.005 and 
0.020 uf. respectively), inversion occurred less and less 
frequently. 

5. Inversion phenomena were not observed at exci- 
tations less than 55 per cent of normal. This figure, 
however, need not be taken very seriously as we may 
not have properly exhausted all possible combinations 
of density and capacitance conducive to inversion, but 
it is in accord with the theory outlined above that if the 
densities are kept so low that during switching-in tran- 
sients the voltage will not go into the zone A B (Fig. 2), 
the neutral should be stable. 


OSCILLATING NEUTRAL 


When the neutral is disturbed in any way, the tran- 
sition to a state of equilibrium must take place through 
an oscillation at the natural frequency of the network. 
In the group of phenomena classified as inversion of the 
neutral, this oscillation dies out, and the remaining 
phenomena are the fundamental frequency currents and 
voltages, and their usual harmonics. This is beauti- 


fully illustrated by the oscillogram in Fig. 7. In many 
other cases, the oscillation is found to persist. 
The Equivalent Circuit of Oscillation. The single- 


phase network shown in Figs. 3A and 4 has two possible 
ways of natural oscillation. (1.) The capacitance and 


PHYSICAL NATURE OF NEUTRAL INSTABILITY 


321 


reactance of each leg or branch could oscillate against 
each other, and if the phase of oscillation of one branch 
or leg is 180 deg. from the oscillation of the other, the 
neutral will oscillate without showing any oscillation 
voltage or current in the supply lines. (2.) One leg or 
branch may show a net inductive reactance, the second, 
a net capacitive reactance, and thus the neutral may 
again oscillate without any oscillation voltage in the 
supply lines, but with an oscillation current in the 


Fic. 6 
A. Crrcurr Usep ror Turer-PHAse N&evuTRAL INSTABILITY 


Tests. Wirn NormMat Neurrat Fa 1s Zero, aNnD THUS HA 
EXHIBITS ONLY SHIFTS AND OSCILLATIONS OF THE NEUTRAL 


B. Vecrorra, Piotr or A Neurrat Suirr OBSERVED ON 
THE Circuit oF Fie. A 


C. OscrinLoGRAMs OF NeurTrRaL SHirt TAKEN ON CIRCUIT 
or Fia. A 


supply lines. But as the ohmic value of the net effec- 
tive reactance of each leg for the oscillation increases 
(by parallel resonance), the current will decrease for a 
given oscillation voltage. Thus, the difference between 
1 and 2 being merely a matter of the magnitude of the 
oscillation current in the lines, the two types of phe- 
nomena are not radically different, but merge into each 
other, and when the oscillation current in the lines is 
small, the phenomenon may equally well be considered 
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one way or the other. These and other important 
relations may be illustrated as follows. 

In Fig. 8, O-A-B-C is the volt-ampere curve for 
normal impressed frequency, while O-A’-B’-C’ is that 
for half frequency, and the dashed curve for a multiple 
of normal frequency. The reader may easily check that 
the lower frequency curves must fall inside, higher fre- 
quency curves outside, of the normal frequency curve. 
For a given order of voltage, the normal frequency 
operation may be around A, the half-frequency oscilla- 
tion around B’. If both units are oscillating corre- 
sponding to the point B’, we have the oscillation of 
type 1 mentioned above and a limiting case of type 2. 
But if one unit is somewhat below B’, say at B”, in the 
condensive zone, while the other is a little above B’, 
say at B”, in the inductive zone, we have an oscillation 
of type 2 mentioned above. As B” and B’’’ approach 
B’, 2 becomes converted into 1 as its limiting case. 
A consideration of these curves will also indicate that 
natural frequencies of oscillation compatible with 
normal frequency excitation should fall in the range of 
observed oscillation frequencies. 

Experience shows two important facts; manely, 
first, that these oscillations may be loaded with con- 


& 
Fig. 7—OscILLOGRAM OF SINGLE-PHASE NEUTRAL INSTABILITY 
EXHIBITING AN INITIAL OSCILLATION AND GRADUAL TRANSITION 
INTO INVERSION 


siderable losses and still persist, indicating that they 
are able to draw a considerable amount of energy from 
the circuit; and second, that in the simpler cases, with 
comparatively little wave distortion, the oscillation 
frequency is seen to be in a zone corresponding to the 
nearest harmonic relationship; that is, either the 
second harmonic, or frequently, one-half harmonic, 
although not necessarily these values exactly. These 
two facts call for explanations as to how these oscilla- 
tions can draw power from the impressed frequency, 
and how the 2 to 1 or 1 to 2 (that is, even harmonic) 
relationship can be maintained without direct current 
excitation. 


FLOW OF POWER FROM ONE FREQUENCY TO ANOTHER 


To consider a well-known case, Fig. 9 shows a static 
frequency converter, converting from an impressed 
frequency to its triple frequency. The production of 
third harmonic voltage by saturation and by suppres- 
sion of third harmonic exciting current is too well 
known to require any proof or explanation here. The 
loading characteristics of the third harmonic circuit 
depend on its no-load voltage and short-circuit current 
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and may be represented reasonably well by the conven- 
tional circle diagram. By using higher and higher 
values of saturation, both the no-load voltage and the 
short-circuit current and hence the maximum output of 
the triple frequency side, are increased. For instance, 
at nominal 60-cycle densities around 170 kilolines per 
sq. in., third harmonic outputs over 100 kw. perthousand 
Ib. of core can be obtained. Of course, the correspond- 
ing amount of power (plus the high losses) flows from 


Fig. 8—Cuaracteristic MopiricaTION oF Fic. 2, FOR VARIOUS 
FREQUENCIES 


the primary mains into the primary windings at funda- 
mental frequency. 

Energy flow from one frequency to many other 
frequencies besides the third, is also possible. For 
instance, second harmonic. This, however, requires 
that the core be biased, a condition easily brought about 
by d-c. excitation. 

Very large amounts of power at double frequency 
may be drawn from a static frequency multiplier at low 
nominal 60-cycle excitations, with the aid of a high 
d-c. excitation. 


NE 


Fig. 9—Sratic FREQUENCY CONVERTER. HA Is A REASONABLY 
Pure TRIPLE FREQUENCY VOLTAGE 


REVERSIBILITY OF POWER FLOW 


The flow of power in a frequency multiplier from a 
lower frequency to a higher frequency must be 
reversible. 

Assume that J; is the current in a certain third har- 
monic load, drawing from the transformer a power P. 
If the current J; is reversed by the application of a 
suitable third harmonic voltage into the third harmonic 
circuit from an external source, the power P must also 
be reversed, delivering power to the transformer instead 
of drawing power from it. We are, therefore, justified 
in postulating that power may flow not only from a 
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fundamental to its harmonics (by virtue of saturation), 
but that it may also flow back from the harmonics to 
the fundamental, if the harmonics have access to a 
suitable external source of supply. 

When the reversibility of power flow is recognized, the 
arbitrariness of calling the lower frequency fundamental 
becomes obvious. When power is flowing from 180 
cycles to 60 cycles, we would be entirely justified in 
calling the 180-cycle circuit primary fundamental, and 
the 60-cycle circuit secondary one-third harmonic. 
But, aside from use of words, it should be obvious that 
if power may flow from 180 cycles to 60 cycles, it may 
also flow from 60 cycles to 20 cycles, or from a funda- 
mental to a subnormal harmonic, under a suitable circuit 
condition. 

One of the important features of those suitable circuit 
conditions is that the lower frequency should be able to 
take care of its magnetizing current, drawing it either 
from a generator or from a capacitor. 

If the impressed frequency and the oscillation are 
related to each other as a fundamental and an exact 
harmonic, whether as higher or lower harmonic, the 
availability of energy to sustain both circuits may be 
granted in the light of the foregoing. 

If the harmonic ratio is even, a source of bias is 
implied and must be accounted for; and, if the higher 
frequency is not an exact multiple of the lower, the 
possibility of sustained power flow from one frequency 
to the other must be accounted for.. 


EVEN HARMONICS AND SOURCE OF BIAS 


In the absence of sustained direct current, an avail- 
able source of bias is residual. The direct current com- 
ponent of the switching transient might well start even 
harmonic oscillations, but as this direct current must 
soon die out, while the oscillations persist indefinitely, 
residual might sustain the bias. 

We are accustomed to believe that an unexcited 
transformer core may carry a residual flux in it indefi- 
nitely, but that when an alternating flux is superposed 
on it, the residual must decay. It appears, however, 
that under favorable conditions the residual flux might 
persist; favorable conditions being those in which an 
even harmonic is capable of self-excitation by drawing 
its magnetizing current from an oscillating circuit 
and losses from a primary circuit. In view of the fact 
that the persistence of residualsunder any condition, and 
decay under any other condition, are empirical facts, we 
need not speculate here on their theoretical explana- 
tions, but may well be satisfied with the observation of 
the mathematical fact that the superposition of two 
harmonic fluxes, having an even frequency ratio, makes 
the positive B,,.,. different from the negative Braz 
in the core, as if the zero axis has been shifted. This 
fact may favor the persistence of a residual. 


Non-INTEGRAL RATIOS 


Since the natural frequency of oscillation of the cireuit 
is independent of the impressed frequency, the oscilla- 
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tion need not bear an integral ratio to the impressed 
frequency. In the majority of the cases producedinthe 
laboratory, the frequency ratio was not an integer, and, 
there was a continuous phase shift between the im- 
pressed voltage and the oscillating voltage. A per- 
manent residual can not, of course, support such an 
oscillation—the bias must also shift phase; that is, it 
must be an alternating bias at the heterodyne beat 
frequency. Saturation leads to the production of such 
alternating bias by modulation when fluxes at two dif- 
ferent frequencies are combined in one core. The 
principle that saturation will cause modulation under 
such conditions, has already been commercially made 
use of by Mr. Alexanderson in his well known ‘‘mag- 
netic amplifier.”’ Oscillations of the neutral practically 
always show such low frequency components in the 
waves and in the accompanying noises and flickers. 

If the natural oscillation at approximately even fre- 
quency ratio continually shifts phase with respect to 
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Fic. 10—OscrntoGRaMs oF OSCILLATING SINGLE-PHASE 
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the impressed frequency, it cannot draw power from 
the impressed frequency uniformly, but must rise and 
fall. If the power flow were dependent exclusively 
on a fixed residual, the power flow to a shifting oscilla- 
tion should not only pulsate but should also reverse; 
but, if dependent on a low frequency, alternating bias, 
then it need not reverse even though it must pulsate. 


HARMONICS OF NATURAL OSCILLATIONS 


It is to be expected that in the presence of saturation, 
not only the impressed frequency currents and volt- 
ages may become distorted and be given higher har- 
monics, but the oscillation of the network may also 
become distorted and be given higher harmonics. An 
oscillation at half impressed frequency may have a 
third harmonic of its own, and this will obviously 
appear as a one-and-a-half harmonic for the funda- 
mental. Consequently, when a complex wave is 
being analyzed, confusion may arise by attempting to 
resolve everything into harmonics of the impressed 
frequency. Fortunately, many instances are found 
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in which the secondary harmonics of both the impressed 
frequency and the oscillating frequency are small, 
and by suitable arrangement the oscillation can be 
segregated and shown to be of surprisingly good wave 
shape, as discussed below. 


SINGLE-PHASE TESTS OF OSCILLATING NEUTRAL 


Case 1. Fig. 7 illustrates perfectly how the transi- 
tion from the initial unstable condition to the final 
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inverted condition of the neutral takes place through 
a series of gradually intensified natural oscillations at 
approximately half the impressed frequency. In this 
instance, the oscillations gave way to inversion, but 
in range of capacitance values above 0.025 uf. up to 
0.050 uf., the oscillations once started usually persisted. 

Case 2. Figs. 10A and 108 illustrate a case in which 
the oscillation persisted indefinitely. Note how re- 
markably pure is the wave shape of the oscillation of 
the neutral (single-phase neutral), and how the oscilla- 
tion frequency is exactly one-half of the impressed 
frequency.* Examining the waves of the leg voltages 
(EZ, and HE») nothing else of importance is found in 
them but a fundamental and a half-frequency harmonic. 
The flicker in the lamps connected across each phase 
was of comparatively high frequency, according to 
the oscillograms. 

The indicated range of capacitance (0.025 to 0.050 
pf.) was found to be adequate to furnish the necessary 
magnetizing current for the oscillation. 

Examination of the oscillation on a long film does 
not reveal any definite pulsation in its amplitude. 
This is consistent with the integral ratio of the 
oscillation. 

Tests with single-phase neutral oscillation were 
made primarily to verify the theory that the peculiar 
phenomena observed in three-phase circuits are not due 
to any virtue inherent in three-phase connection, but 
that they could occur in any circuit consisting of members 


*The reason for the comparative simplicity of wave shapes 
observed in these tests was the fact that the circuit was made 
resonant for a subnormal frequency and would therefore not 
appreciably affect the higher harmonies of the magnetizing cur- 
rent. If the capacitance had been adjusted for oscillation at 
double normal frequency, it would have been near enough to 
third and fifth harmonic resonance to intensify them a great 
deal and, thereby lead to a very complicated wave shape, as had 
been observed by a number of the investigators. No attempt 
was made in this investigation to reproduce double or higher 
frequency oscillations, since the nature of the phenomena could 
be studied more conveniently at the lower frequencies. 
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with characteristics such as shown in Fig. 2. Having 
established this point both with reference to inversion 
and to oscillations, tests with single-phase circuits 
were not carried much further. 


TESTS WITH OSCILLATIONS OF THREE-PHASE NEUTRAL 


The circuit connection for neutral oscillation was 
the same as for inversion (Fig. 6A), the phenomena 
changing from one type to the other in going from one 
capacitance range to the other. The two ranges of 
capacitance overlap, and so do the phenomena. 

a. Similarity to Single-Phase Tests. Fig. 11 gives 
the timing wave (supply voltage), leg voltage, and the 
neutral voltage for a typical case of oscillation. The 
neutral voltage is observed across the corner of the 
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Fig. 12—OscitLoGraMs oF THREE-PHASE NEUTRAL SHOWING 
One-Hautr Harmonic OSCILLATION WITH A SLOW PHASE SHIFT 
witH Resprect To Supety VOLTAGE 


delta. The characters of these waves will be seen to 
be substantially the same as in the single-phase tests: 
the three-phase connection has not materially modi- 
fied the phenomena. 

b. Continuous Phase-shift. While in the single- 
phase test, one leg oscillates against the second leg; 
in the three-phase case one leg oscillates against the 
other two in parallel. This has made enough change 
in the constants of the oscillating circuit so as to make 
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its frequency definitely different from half of impressed 
frequency, and consequently we observe (in the long 
film, Fig. 12) a slow continuous shift of phase of neutral 
oscillation with respect to the leg voltages and to the 
timing wave. Examining the leg voltage, we see that 
it contains nothing else of importance but the impressed 
frequency and the oscillating frequency. Further- 
more, we see that due to the continuous phase shift 


ere ie 


Fie. 13—Oscintogcram or Turee-Poase Neutrat Oscit- 
LATING AT HaLr-/REQUENCY COMBINED WITH A SMALL NoRMAL- 
Frequency Neurrat SHIFT 


Note the characteristic shape of the exciting current Jt, for this condition 


between these two components, the wave shape of the 
resultant leg voltage continually changes; repeating 
at a low beat frequency. On Fig. 12, the oscillation 
frequency is seen to be 0.48 of the impressed frequency, 
producing one beat cycle every 50 cycles of the im- 
pressed frequency. Quarter periods of this beat cycle 
are shown in Fig. 12 by means of vertical lines. This 
period varied, of course, a great deal with varying 
circuit constants, as follows. 
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d. The Capacitor Current. Considering the current 
in the capacitors (I, Fig. 14), it is seen to contain three 
components: (1), a fundamental, (2), a half frequency, 
and (3), asmall high frequency ripple. It willbe further 
observed that the ratio of the half-frequency component 
to the fundamental is a great deal less in the current, 
than in the voltage wave, as it should be, theoretically, 
one-half. 

e. Hffect of Extraneous Capacitances. To make cer- 
tain that extraneous capacitances to ground were not 
influencing the phenomena more prominently than 
those which were deliberately connected into the cir- 
cuit, comparative tests were made with the neutral 
alternately grounded and isolated, and the conclusion 
was drawn that these concealed capacitances did not 
exceed 10 per cent of the main capacitances. 

f. Variation in the Intensity of the Oscillation. Fig. 
12 shows that the amplitude of the oscillation varied at 
the slow beat or modulation frequency. This is in 
accordance with theory, but one may wonder why the 
variation is not larger. The reason for it probably is 
that the power factor of the oscillation is very low: the 
hysteresis loss is largely furnished by the impressed 
(higher) frequency, while the eddy current loss is one 
quarter of that at impressed frequency. 


Fic. 14—OscinLoGRAM OF CAPACITOR CURRENT AND CAPACITOR 
(Lege) VoLtTaGe UNDER ConpitTions or Fia. 13 


g. Amplitude of the Oscillation. Some of the data 


are tabulated below: 


TABLE III 
Capacitance |Beat frequency| Capacitance | Beat frequency TABLE IV 
Excitation per leg cycles per sec. per leg cycles per sec. VOLTAGES IN THREE-PHASE TESTS 
120 per cent 0.045 0.53 0.025 0.33 ao oe re 
100. 6 eae 0.045 0.50 0.025 of Nea : ae 
90 « “ 0.045 0.57 0.025 0.33 Test | Cap. per leg Osc. per leg Measured Cale. 
gg « « 0.045 0.67 0.025 0.40 freq. pe. volts volts per cent volts volts 
I seals ee Bee aoe aus8 50. | 0.035 92 42 45.5 per cent 100 101 
c. Peculiarities in the Transformer Exciting Current. 60 | 0.045 » aay ne per cent af i 
Considering the current in each transformer primary . 70 bers ee ioe 19K 
(I, in Fig. 18), the curious fact is observed that in < 3 eo tal es fp a 
certain zones of the film this current is negligible for “ i Ft eee Ei ae Bt an 
a whole cycle of impressed frequency, and two appre- : . 120 As Bl sh ae 145 146 
ciable peaks for the adjacent cycles of the impressed daaleuune a0 zo | -87-Siper cont 1OR 06 
frequency. Other peculiar wave shapes will be seen % F 520.4 i ROSS E aS ae Sle i es 
in other zones. These are very easily explained by ‘ ( agit blip nd pean ioe ies 
se zs 120 43.5) 36 es a 128 128 


combining two fluxes of fundamental and half frequency 
together (in various phase relationships) and plotting 
the corresponding magnetizing current: the character- 
istic wave shapes in the different zones will all be 
reproduced. 


Some of the more interesting features of these data 


are: | 
1. Oscillation voltages of the same order of magni- 
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tude as the impressed frequency voltages are observed. 
Curiously enough the higher oscillation voltages have 
taken place at the lower excitations close to the border 
where the oscillation would stop altogether. With 
varying capacitances also, the higher oscillation volt- 
ages occurred close to the limiting value of capacitance 
at which the oscillation would stop altogether. In 
single-phase tests oscillations as high as 117 per cent 
of fundamental were observed. In either case, no 
effort was made to produce the maximum possible 
amplitude of oscillation. 

2. The amplitude of the oscillation per leg was 
determined by taking one-third of the voltage across 
the corner of the delta. The fundamental was obtained 
from the line voltages. There is good agreement be- 
tween the measured values of the complex voltage per 
leg and the corresponding values calculated with the 
aid of the two components. 

h. Comparison of Wave Shapes of Three Legs. Fig. 
15 shows the three leg-voltages. The differences in 
wave-shape are due to the fact that while the oscilla- 
tion voltage is of the same magnitude and phase in 
all three legs (as a zero phase sequence phenomenon), 
the impressed frequency voltages are 120 deg. away 
from each other and therefore combined with the 
oscillation voltage at different phase angles. The 
wave shapes A, B, C, of this figure are reproduced by 
A’, B’, C’ in Fig. 16, by combining with a given half 
frequency oscillation three fundamentals spaced 120 
deg. away from each other. 


DAMPING THE OSCILLATIONS 


Since the oscillation, unmixed by impressed fre- 
quency, appears only across the corner of the delta, 
the loading of the oscillation (without loading the 
impressed frequency) was done by connecting an 
adjustable rheostat at that point. This rheostat, 
however, was not the only load; the voltmeter and the 
ammeter were additional loads, besides the internal 
losses of the oscillating outfit. The data follow: 

TABLE V 
CAPACITANCE PER PHASE 0.035 pf. 


Oscillatory watts in 
external load to stop 
oscillation 


|Equivalent watt rating 
of load per phase 


Excitation on lines (See note below) 


140 per cent 0 0 
130°“ iS 2 
US Ay 25 87 
a S 35 79 
LOD = es 49 91 
LOO; “ ¢ 68 96 
Oy Me 78 63 
(a2) tial eB 78 15 
ign oe ul 67 ial 
G£.0% % 47 8 
55) * 4 3 er 
BD >< 4 0 (0) 


(The column headed ‘‘Equivalent Load per Phase” gives the watts that 
would have been drawn per phase at impressed frequency if the damping 
resistances had been connected across each phase, instead of across the 
corner of the delta). 


It is seen from the above data that less loading is 
necessary at the lower densities to damp out the oscilla- 
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tions. The reason for this is not that the oscillations are 
weaker, but rather that the magnetizing volt-amperes 
are very much smaller at the lower densities and, there- 
fore, a smaller load brings up the power factor of the 
oscillating circuit to the necessary value. As a general 
conservative estimate, we would be inclined to suggest 
that the loading be at least equal to the magnetizing 
volt-amperes of the transformer. At densities 50- 
60 per cent of normal, this would constitute no hard- 


Fig. 15—OscrtLoGRaM oF THREE-PHASE Leg VouttacEes UNDER 
ConDITION OF OSCILLATING NEUTRAL 


ship, whether the resistance is connected across the 
opened corner of the delta or line to neutral. The 
minimum resistance across the corner of the delta in 
these tests was about 375 ohms. In cases where poten- 
tial transformers with line-to-line rating are connected 
line-to-neutral, operating at 57.7 per cent density, relay 
and other possible useful loads connected line-to- 
neutral (or across the corner of the delta) may almost 
accomplish this damping service. 


Fig. 16—GrapruicaL REsouuTiIoN SHOWING THE FUNDA- 
MENTAL AND Haut¥r-HarMONIC COMPONENTS OF THE THREB-LEG 
VouraGces or Fria. 15 


Strange though it may sound, potential transformers 
with high quality low loss materials may give more 
trouble in this respect than those with inferior quality 
of materials. 

Both theoretically and from foregoing test data, 
units operating at 50 per cent density appear safe from 
oscillations, but the margin of safety is small and we 
would doubt the wisdom of omitting all protection by 
merely going 10 to 15 per cent lower in density (as 
compared with 57.7 per cent excitation), because the 
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line voltages may sometime rise that much and wipe 
out the margin of safety. 

Since the present investigation has concerned it- 
self largely with the lower frequencies of oscillations, 
and since higher frequencies are also possible, question 
may arise as to the applicability of the present damping 
data to them. We believe such application would be 
on the safe side in view of the generally recognized fact 
that circuits are usually associated with higher losses 
and damping at higher frequencies. 

In considering different methods of applying 
damping or balancing loads (such as across corner of 
delta, or line to neutral, or through an auxiliary low- 
voltage Y-delta potential transformer bank connected 
to the low side of the high-voltage potential transformer 
bank) the effect of such loads on metering accuracy is 
also to be considered, if metering is contemplated. 


CONCLUSIONS 

1. Operation. of potential transformers in Y-Y with 
neutral grounded on an otherwise isolated system 
(whether permanently or occasionally isolated system, 
or section of a system) is a somewhat questionable prac- 
tise unless protective measures are used. With many 
miles of lines connected to the potential transformers 
the line-to-neutral capacitances may be large enough 
to short-circuit all harmonic phenomena, especially in 
the higher voltage circuits, but when the connected por- 
tions of the lines are shortened in length by (temporary) 
isolation, various kinds of trouble may be anticipated. 
Systems which are using such connections, may be har- 
boring a possible source of hazard to their equipment. 

2. A well-known source of trouble is third harmonic 
voltage intensification, not discussed in the present 
paper because it is so well known. 

3. Itis found that with favorable capacitance values 
from line to ground, natural oscillations are possible 
around half normal frequency, as well as double normal 
frequency. The ratio need not be integral, in which 
case there is a continuous phase shift between the 
impressed frequency waves and the natural oscillation 
frequency waves, resulting in beats and pulsations, due 
to modulation by saturation. 

4. Aside from oscillations, there is the possibility of 
the inversion of the neutral. The limiting values of 
resulting overvoltages in both of these cases, were not 
determined as they were unsafe for the equipment. 

5. The explanation of the neutral shift or inversion 
is based on the fact that the combination of a saturable 
inductance and a constant capacitance has a multi- 
valued characteristic curve, with leading and lagging 
zones. If one leg operates in a leading zone, the other 
two in a lagging zone, the potential of the neutral is 
thrown outside of the triangle of line voltages. If all 
legs operate in leading but different zones of the charac- 
teristic curve, the neutral is again shifted but falls just 
inside the line voltage triangle. Losses and harmonics 
give a small quadrature shift to the neutral. 

6. The persistence of oscillations is accounted for 
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as follows: It is noted that the oscillations satisfy or 
approximate harmonic relationship to the impressed 
frequency. When the oscillation is at a higher than 
impressed frequency, the energy flow to it is similar to 
that from fundamental to higher harmonics as in static 
frequency multipliers. When the oscillation frequency 
is lower, such as one-half of the impressed frequency, 
the impressed frequency stands in the relationship of a 
higher harmonic of the oscillatory frequency, and the 
energy flow is reversed because the location of power 
and load are interchanged. 

7. In potential transformer banks intended exclu- 
sively for relaying purposes, the secondary (or a ter- 
tiary) could be connected in delta (closed through a re- 
sistance just high enough to protect the bank from 
burnout in times of line-to-neutral short circuits), 
and then troubles due to either inversion or oscillation 
would be entirely eliminated. However, if the bank is 
to be used for metering as well as for relaying, currents 
circulating in the delta due to unbalanced line-to- 
neutral conditions in the system may adversely affect 
the metering accuracy of the outfit. 

8. Loading the potential transformer from line to 
neutral also tends to stabilize the neutral and prevent 
inversion and oscillations; but, then of course, this will 
be a constant load at impressed frequency. Itis believed 
that such a load should be at least of the same order of 
magnitude as the magnetizing volt-amperes of the 
transformers at normal operating voltage. 

9. Operation of potential transformers approxi- 
mately at half rated voltage is found to reduce greatly 
the chances of self-excited oscillations. The damping 
load, equal to the magnetizing volt-amperes at such low 
excitations, is very small and well worth while. Low 
density operation and protective load are also desirable 
from the standpoint of third harmonic phenomena. 
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Theory of Abnormal Line-to-Neutral 


Transformer Voltages 
BY C. W. LAPIERRE* 


Associate, A. I. E. E. 


Synopsis.—The abnormal voltages considered here are due to 
the occurrence of a large harmonic of fractional, even, or odd fre- 
quency in the line-to-neutral voltages of certain Y-connected trans- 
former circuits. These phenomena were first described before the 
Institute in 1915, and other papers on the same subject have ap- 
peared since. The results of a detailed study of the instantaneous 
currents, voltages, and transformer flua densities in the type of 
circuit involved are presented in this paper. From this study 
the origin and characteristics of the abnormal voltages have been 
deduced. 

In general the voltages are found to be self-excited by successive 
alternate saturations in the transformer cores. The first saturation, 
which starts the phenomena, occurs within one cycle after the voltage 
is applied, due to the starting conditions of voltage and residual 
core density. When coupled with the system capacitance in the 
circuit of this discussion, each saturation establishes the condition 
for producing a succeeding and alternate saturation so that the 
process is self-continwing. 

The frequency of the harmonic voltage generated by a succession 


of alternate saturations is dependent only upon the rate at which 
they occur. It is not surprising,. therefore, that harmonics of 
unusual frequencies have been observed. The wide variations 
between the initial core.conditions in the three transformers result 
in highly irregular saturations and correspondingly irregular 
voltages at the start. Such irregularities are of a transient nature. 
The occurrence of a sustained harmonic voltage is dependent upon 
the formation of proper multiple saturations which have been 
found to possess the necessary stabilizing properties. Such sta- 
bilizing multiple saturations only occur, for harmonic voltages 
having a frequency of either one-half, equal to, double, or triple 
the supply voltage frequency. Consequently, these are the only 
frequencies which can occur in the sustained condition. ' 

The minor characteristics of the observed data, such as the wave 
shape, magnitude, and phase of the currents and voltages, beat 
frequencies, etc., have a definite place in the complete theory. 

The present paper is one of a group of three presented at this 
time. The others, one by C. T. Weller and one by A. Boyajian 
and O. P. McCarty, cover different aspects of the same phenomena. 


INTRODUCTION 


HE abnormal voltages considered in this paper 
T are due to the occurrence of a large harmonic of 

fractional, even, or odd frequency in the line-to- 
neutral voltages of certain Y-connected transformer 
circuits. These phenomena were first described before 
the Institute by L. N. Robinson! in 1915. Other 
papers on the same subject have appeared since, 
namely, a second one by Robinson? and those of 
King E. Gould? and Wilhelm Lampert. These present 
results of a general nature from a wide variety of 
observations. 

At this time three additional papers on the subject are 
being made available. C. T. Weller® is presenting 
specific data from an unusually complete series of 
field observations. A. Boyajian and O. P. McCarty* 
are presenting data from laboratory tests together with 
a descriptive interpretation of some phases of the 
phenomena. In the present paper a complete theory 
of the abnormal line-to-neutral voltages is developed 
which explains their fundamental origin and their 
detailed characteristics such as wave shape, magnitude 
and frequency. 


THE ABNORMAL VOLTAGES 


The circuit in which the abnormal voltages occur is 
represented by Fig. 14. This circuit consists of a 
Y-connected bank of single-phase grounded-neutral 
transformers connected to an ungrounded source of 
supply. Three capacitors represent the capacitance 
of lines, bushings, etc., to ground. The three-phase 


*General Engineering Laboratory, General Electrie Com- 
pany, Schenectady, N. Y. 

1. For references see Bibliography. 

Presented at the Southern District Meeting No. 4, of the 
A. I.E. E., Louisville, Kentucky, November 19-22, 1930. 


line-to-line voltages are fixed by the source and may be 
assumed balanced and sinusoidal. The transformer 
or line-to-neutral voltages contain the large harmonics 
which have been observed. Thus the abnormal volt- 
ages are a peculiarity of only that portion of the circuit 
shown by Fig. 14 and do not involve the supply ‘volt- 
ages which are independent and fixed. The trans- 
former secondaries also contribute nothing toward 


Ungrounded 
three-phase 
source 


il| 


Fig. 1A—REPRESENTATIVE CIRCUIT 


2 


Ungrounded 
three-phase 
source 


Fig. 1B—SIMPLIFIED REPRESENTATIVE CIRCUIT 


starting or maintaining the phenomena, as they have 
often been open-circuited while the abnormal voltages 
were being observed. Finally, the various observations 
have been made with a wide variety of Y-connected 
single-phase transformers, and in general no special 
importance can be attached to any particular type or 
rating. 
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The large harmonics which occur are abnormal with 
respect to magnitude and frequency. The resulting 
transformer voltages may be as much as three or four 
times normal; consequently, the subject is of impor- 
tance from the standpoint of insulation as well as opera- 
tion. Some of the harmonic voltages occur at fre- 
quencies which are very unusual if not totally unex- 


Volts (secondary) 


Fig. 


2-—Haur Frequency Neurrat VOLTAGE 
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pected in ordinary alternating current circuits. In 
the transient state the voltages are usually very irregu- 
lar and have no definite frequency. In the sustained 
condition, the frequency of the harmonic voltage has 
been found to be either one-half, equal to, double, or 
triple the supply voltage frequency. Two such fre- 
quencies do not occur simultaneously. While the har- 
monic voltages themselves are not purely sinusoidal, itis 
significant that other frequencies have not been observed 
to predominate in the sustained condition. In partic- 
ular installations it was often found that the mere 
opening and closing of the supply switch would change 
the frequency of the predominant harmonic. 

In Figs. 2, 8, 4, and 5 the above frequency conditions 
are illustrated by reproductions and derived curves 
from oscillograms obtained by C. T. Weller. Other 
illustrations are given in his paper where harmonic 
voltages of one-half, equal to, double, and triple the 
supply voltage frequency have been designated phe- 
nomena C, A, B, and D respectively. A. Boyajian 
and O. P. MeCarty* have segregated the phenomenon 
of equal to system frequency and designated it “neutral 
shift or inversion.’”’ All of the other frequencies which 
occur are termed by them “‘oscillation of the neutral.” 
This classification arises from the fact that the voltage 
relations in the one phenomenon can be described by 
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means of a conventional vector diagram, whereas 
the others cannot. 

In addition to the characteristics discussed and illus- 
trated above, a low frequency audible beat of from a 
fraction to one or two cycles per second is associated 
with the one-half and double frequency phenomena 
in three-phase circuits. Oscillograms with condensed 
time axis confirm these beats as variations in the cur- 
rents and voltages within the transformers. As a 
result of the beats, the one-half and double frequency 
phenomena do not have exactly these relations to the 
supply frequency, but differ therefrom by a small 
amount. 


SELF EXCITATION OF THE ABNORMAL VOLTAGES BY 
SUCCESSIVE ALTERNATE SATURATIONS 


For the purpose of describing the phenomena it has 
been desirable to classify the abnormal voltages accord- 
ing to whether they are transient or sustained and, in 
cases of the latter, according to frequency. Regard- 
less of the various classifications, it has long been 
recognized or assumed that they have a common origin, 
namely, that all are the result of saturation* in the 
transformer cores. For the time being, therefore, it 


ae a L a 
asel 
eo) ie LP a 
+100 ae += : 5 
fe) f. 
~ 4 XN ¢ 
-100 PS oo “ 
-200 eae i Se 
ti 
feet al ij 
Phase 2 
+200 | 129 | cio ose 
+100 F x ~ 4. 
Nj 
S < et2 a 
0G Shp Sep Se —— 
% -200 —- ia 1. ete 
O° _}|—+- }- 
8 | Phase 3 
oy | ic : ae el | 
9 +200 = pt fey ~ 
@ +100/—953 5 os | on 
i 57 S a 
-100 7 SN ral | te 
“20044 J. aa ae | 
F Sze Neutral 
ee) a GBP fa 7 
+100 3 I 
om 
=100 | a Ae ee f= —+—— 
-200} —}——+ + = + ae at ae oe ae 
DR pmwiGs pests EE) 
) T 277 31 


Fig. 3—FuUNDAMENTAL FREQUENCY NEUTRAL VOLTAGE 


et =en +eg 


is desirable to forget the various classifications and to 
investigate the circuit of Fig. 1A with a view toward 
determining its properties under conditions of trans- 
former saturation, rather than for the purpose of ex- 
plaining a particular set of voltmeter readings. 


*By saturation is meant the operation of a transformer at 
flux densities on or above the knee of the magnetization curve. 
The term thereby includes quite a wide range of possible densi- 
ties, each being associated with a current much larger than the: 
normal excitation current of the transformer. 


330 


Of primary importance in Fig. 14 are the relations 
between the various voltages. The abnormal condi- 
tions which occur are the result of harmonics in the 
voltages across the individual transformers. These 
harmonics have zero phase sequence and do not appear 
in, the line-to-line voltages which are fixed by the source. 
In other words the three harmonics are identical in 
phase and magnitude and must cancel when any two 
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transformer voltages are combined to give the corre- 
sponding line-to-line voltage. Thus the harmonics 
are in reality only a single component appearing 
in each of the three transformers. Since the com- 
ponent is the voltage by which the neutral differs from 
its normal or zero value, it may be termed the neutral 
voltage.* Neutral voltages, for some examples of 
the phenomena under discussion, are shown in Figs. 
2,\3, 4, 5, and 13. 

The neutral voltage is not directly related to the 
source, and its magnitude and frequency are not neces- 
sarily determined by the supply voltages. A discus- 
sion of its variations must, therefore, be based upon 
instantaneous values, since average or effective values 
have no physical significance in themselves but are 
only applicable to voltages of known wave shape. 
Then too, the transformers operate over such a wide 
range of flux densities that their instantaneous induc- 
tance values may lie any where within a range corre- 


*The neutral or harmonic voltage at any instant may be 
calculated by adding the instantaneous line-to-neutral voltages 
and dividing by three. The normal voltage components always 
add to zero leaving three times the neutral voltage. The” 
addition may be physically accomplished by connecting the 
secondaries as shown in Fig. 14 and measuring three times the 
neutral voltage across the broken delta, 
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sponding roughly to the ratio, 5,000 to 1. It is difficult 
to conceive of an average or effective value which 
could possibly represent such a variable inductance. 
Consequently, the theory of this paper is based upon 
the results of a detailed study of instantaneous voltages, 
currents, and flux densities in the circuit of Fig. 1A. 
The study consisted of a series of computations making 
use of the known relations existing between the funda- 
mental constants and variables in any circuit contain- 
ing inductance and capacitance. Each computation 
started by assuming a source of sine wave three-phase 
voltages applied to the circuit of Fig. 1A at a chosen 
instant. This was followed by simultaneous considera- 
tion of the three variables of each transformer, namely, 
voltage, current, and flux. Although the step-by-step 
computations are tediously long, the actual transient 
and sustained voltages may be determined in this 
manner. However, with several such computations 
as a background the relatively few basic principles 
involved in the phenomena have been deduced. It is 
only necessary to establish these basic principles, for 
by their application all of the characteristics of the 
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The voltages shown have not quite reached the steady state 


phenomena may be adequately explained. In the 
paragraphs immediately following, the theory is out- 
lined and its basic principles introduced. A more 
complete discussion of the various factors involved is 
contained in the later sections of the paper. 

Although Fig. 14 represents the circuits in which the 
phenomena have been observed to occur, the circuit 
of Fig. 64 may be expected to produce the same trans- 
former voltages and is identical in that respect to Fig. 
1A under certain conditions. (See Appendix). In 
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Fig. 6A the capacitor voltage is equivalent to the 
neutral voltage defined above, and may be visualized 
directly without the necessity of separating it from 
the transformer voltages as is the case in Fig. 14. It 
is the variation in the voltages across this capacitor 
which introduces the harmonics in the transformer 
voltages. Furthermore, in Fig. 6A, the capacitor or 
neutral voltage is the only voltage that must be deter- 
mined. All of the others are related to it and the 
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6B—SINGLE-PHASE CIRCUIT 


known supply voltages by the simple algebraic formulas, 


C11 = Cn + Cg1 

€i2 = Cn + go 

€13 = Cn + Cys 
The validity of these equations is evident when the 
voltages in each of the closed circuits are traced out. 

Thus by adopting a particular type of supply, it is 
possible to reduce the problem to a consideration of 
the voltage across a single capacitor. While it is theoret- 
ically immaterial which figure is used in the following 
discussion, the processes to be described will have far 
greater practical significance if they. are based upon 
Fig. 6A. 

The Origin of the Abnormal Voltages. Saturation 
during the first cycle after connecting a transformer to 
a source of voltage is a common occurrence. Such 
saturations are the result of initial conditions of voltage 
and residual core densities. In transformers connected 
directly across a single-phase supply, the initial satura- 
tion results in the familiar starting currents represented 
' by Fig. 7. This curve actually consists of a succession 
of saturations, all in the same direction, The magni- 
tude of the peaks gradually diminish until normal 
densities are not exceeded. Each saturation is an 
individual event consisting of a rise of the current and 
flux along the hysteresis loop of Fig. 10 and their subse- 
quent decay to normal values. The large current 
accompanying a single saturation is unidirectional; 
it cannot become a large reversed current until after 
the core density reaches saturation values in the 
opposite direction. 

Referring to Fig. 64 (or Fig. 1A), assume the chance 
occurrence of a single saturation a short time after the 
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supply switch is closed. The resulting unidirectional 
current must flow into the system capacitance since 
the unsaturated transformers will not pass an appreci- 
able part of this current. The current flowing into 
the capacitance builds up a unidirectional capacitor 
voltage. This voltage continues to rise until the cycle 
of saturation is completed, at which time the trans- 
former is restored to normal densities. With all of the 
transformers at normal densities, their impedances 
are too high to permit the capacitor to be discharged. 
Consequently, the capacitance voltage will be main- 
tained practically constant for the time being. This 
action of a single saturation in the circuit is not unlike 
that of a valve. It injects a large current into the ca- 
pacitance and then closes the entrance path to prevent 
its discharge. The magnitudes of the various changes 
resulting from a single saturation are dependent to a 
large extent upon the circuit constants, such as ca- 


-pacitance, normal transformer flux densities, size of 


core, number of turns, ete. It is not necessary to con- 
sider these factors at the outset, as the fundamental 
nature of the phenomena may be explaindd on the 
assumption that a sufficiently large capacitance is 
present and that saturations do occur. 

The voltage changes resulting from the saturating 
process may be readily visualized with the aid of Fig. 8. 
The dashed line curves in this figure will be recognized 
as the three normal line-to-neutral transformer voltages. 
Assume the switch to be closed at ¢, and that due to the 
initial conditions the transformer of phase 2 saturates 
at time t;. In accordance with the preceding discus- 
sion, the saturation of phase 2 will result in an abrupt 
rise in the capacitance or neutral voltage. For the 
purpose of illustration this rise may be assumed as 
vertical. After the single saturation is completed, the 


Fig. 7—TRANSFORMER STARTING CURRENT 

high impedance of the transformers prevents the ca- 
pacitance from discharging and the neutral voltage 
remains constant for the time being. However, the 
voltage which the capacitance has acquired adds to the 
voltage of phase 1 to result in an abnormally large 
voltage across its transformer. The large voltage, 
which in the figure is about twice normal, will saturate 
transformer No. 1 at about t2. The second saturation 
is in the opposite direction to the first and consequently 
results in a reversal of the neutral voltage. 

In ease it is not clear that the second saturation 
occurring at t. would reverse the capacitor voltage, 
reference is made to the hysteresis loop of Fig. 10. 
Once a saturation starts, it will increase in intensity 


332 


until the transformer voltage reaches zero; for as long 
as there is some voltage, the flux continues to increase. 
After the flux reaches a maximum, at the instant the 
transformer voltage reaches zero, it must decline to its 
residual value. This partial collapse of the magnetic 


field induces a transformer voltage in the opposite. 


direction. Consequently in Fig. 8, whenever a satura- 
tion is assumed to occur, the affected transformer 
voltage should be reversed by an appreciable amount 


8—HyPorHETIcCAL VOLTAGES RESULTING FROM AN 
ARBITRARY SUCCESSION OF SATURATIONS 


Fig. 
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and the neutral and other voltages determined accord- 
ingly by the relations in equations (1). 

The neutral voltage acquired at t. remains con- 
stant as before, while the transformers operate in the 
range of normal densities. Again the neutral voltage 
results in an abnormally large voltage across the trans- 
former of phase 1 and it will probably saturate at ¢; in 
the opposite direction. This saturation reverses the 
neutral voltage a third time and the process may be 
continued for the fourth, fifth, and sixth saturations 
and so on indefinitely. 

In essentials, Fig. 8 illustrates the origin of the ab- 
normal voltages of this discussion, although the actual 
wave shapes obtained are not rectilinear. It is evident 
that the frequency of the voltages is dependent only 
upon the rate at which the saturations occur and it is 
not surprising that unusual frequencies have been ob- 
served. At the start when there are wide differences 
between the core conditions of the three transformers, 
the saturations occur in a more or less hit or miss fashion 
and the resulting neutral voltages are highly irregular. 
As the initial differences in core conditions begin to be 
‘smoothed out, the time of saturation becomes more and 
more dependent upon how the neutral voltages com- 
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bine with the supply voltages. In order for the volt- 
ages to reach a sustained condition it is necessary that 
some sort of stabilizing process be present which will 
maintain the voltages within a stable zone. This re- 
quirement is satisfied by the formation of multiple 
saturations or the saturation of two or more trans- 
formers in parallel and in the same direction.* The 
proper stabilizing multiple saturations only occur for 
a limited number of neutral voltage frequencies, 
namely, one-half of, equal to, double, and triple the 
supply voltage frequency. Consequently these are 
the only frequencies which can become stable and reach 
the sustained condition. 

In accordance with the preceding discussion the ab- 
normal voltages may be said to be self-excited by suc- 
cessive alternate saturations and limited in magnitude 
and frequency by multiple saturations. The complete 
theory based upon these two principles explains in an 
adequate manner the observed characteristics of the 
phenomena. 


THE CHARACTERISTICS OF A SINGLE SATURATION 

From the preceding discussion it is evident that the 
phenomena originate as a result of a succession of indi- 
vidual saturations. It is desirable, therefore, to in- 
vestigate in detail just what happens in Fig. 6A when a 
transformer saturates. The wave shape and magni- 
tude of the resulting neutral voltages are of major 
importance. 
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Wawe Shape of the Neutral Voltage. Changes in the 
voltage across a capacitor in any circuit are dependent 
upon current and the time during which the current 
flows. The capacitances associated with the abnormal 
voltages in Fig. 6A are relatively large and require 
considerable currents to alter their charge in time inter- 


*Direction of saturation as used here has a very definite 
meaning when referred to either Fig. la-or Fig. 6a. Two or 
more saturations are in the same direction when their respective 
currents flow in the same direction at the neutral, that is, either 
out or in. 
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vals of the same order as the period of the supply 
voltage. At low densities the transformers possess 
high inductance, and the resulting small currents are 
insufficient to alter appreciably the charge upon the 
capacitor over considerable intervals of time. For 
that reason the normal operation of the transformers at 
low densities produces no appreciable effect upon the 
capacitor voltage. On the other hand, at high densi- 
ties the inductance decreases to a small fraction of its 
normal value while the currents are often hundreds of 
times greater. Consequently, in deriving the effect 
of saturation in a single transformer the effect of 


Flux 


Current 


Fie. 10—Hysrnresis Loop 

the two unsaturated transformers may be neglected. 
For such a case it is only necessary to consider a single 
phase portion of Fig. 6A such as is shown in Fig. 6B. 

Fig. 6B is a relatively simple circuit and no particular 
difficulty is encountered in deriving the fundamental 
nature of the changes which occur even though the 
inductance may be variable. However, in order to 
connect the phenomena with more familiar circuits, 
assume first that the inductance is constant and apply a 
unidirectional voltage to the circuit. The resulting 
voltages and currents will oscillate as shown in Fig. 9a. 
The damping due to resistance may be neglected since 
the first half cycle or so is of sole interest here. In 
Fig. 9b curves are shown of voltages and currents for an 
initial capacitor voltage in one direction, and in Fig. 9¢ 
for an initial capacitor voltage in the other direction. 
In both of the latter figures, the initial capacitor voltage 
is equal in magnitude to the applied voltage. 

The same surges of energy occur for a transformer and 
capacitance in series as for a constant inductance and 
capacitance in series. The wave forms of the resulting 
currents and voltages are different for the two cases 
due to the hysteresis loop relation between the trans- 
former current and flux. However, just as constant 
inductances produce characteristic curves, namely, sine 
curves, due to the linear relation between current and 
flux, so also do iron core inductances produce charac- 
teristic curves as a result of the hysteresis loop relation 
between current and flux. Once established, the iron 
core inductance curves may be readily identified. 
In this manner voltage variations in an ironcore induc- 
tive circuit can be described by reference to characteris- 
tie curves which are just as definite as the familiar 
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hysteresis loop. Such curves are established ‘in Figs. 
11 and 12 which are the iron core inductance or trans- 
former curves, from the circuit of Fig. 6B, corresponding 
to the constant inductance curves, Figs. 9a and b. 
Figs. 11 and 12 are based upon computations for trans- 
formers and capacitance approximating those used in 
some of the tests described by C. T. Weller.s The 
chief characteristics of these curves are explained on the 
basis of the hysteresis loop of Fig. 10. The curves 
were started at the point A on the loop in order to reach 
saturation more quickly. The small currents asso- 
ciated with the initial flux produce a negligible change 
in the capacitor voltage at first. However, the flux 
soon rises along the knee of the curve and the currents 
become abruptly larger resulting in an abrupt rise of 
the capacitor voltage. The flux continues to rise until 
the transformer voltage reaches zero. At this point 
there is no voltage tending to maintain the high currents 
in the transformer which are associated with the peak flux 
so that the magnetic field tends to collapse. The partial 
collapse of the magnetic field induces a reversed trans- 
former voltage which may carry the capacitor voltage 
to a value far in excess of the applied voltage. Espe- 
cially is this true when the proper initial capacitor volt- 
age is present asin Fig.12. The decay in the magnetic 
field continues until the current reaches zero. The 
density is now restored to aregion of high permeability 
and consequently the transformer possesses a high 
inductance. The currents which then flow have very 
little effect upon the capacitor voltage so that it tends 
to be maintained at the value acquired during 
saturation. 


Fig. 


12—SaTURATION 
VOLTAGES FOR €co = E 


Fie. 11—SatTuRATION 
VOLTAGES FOR €co = O 


The negative transformer voltage in Fig. 12 resulting 
from the first saturation is maintained by the continued 
decay in flux through zero and down along the negative 
portion of the hysteresis loop. Eventually saturation 
in the negative direction will occur and the cycle of 
events is repeated as illustrated by the dashed line 
continuation of the curves. Although Figs. 11 and 12 
have been derived with unidirectional applied voltage, 
their characteristic shape is also applicable to alternating 
applied voltage, since the transformer passes through 
the complete cycle of saturation and isrestored to low den- 
sity in a short time relative to variations in the applied 
voltage. In other words the alternating supply volt- 
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age would not vary appreciably while the phenomena 
occurs and may therefore be considered as unidirec- 
tional. The application of the characteristic curves to 
alternating supply voltages is shown in Fig. 14. 

The abnormal voltages of this discussion are the result 
of a succession of alternate saturations each occurring 
in the manner just described. The remarkable simi- 
larity between the actual neutral voltage curve of Fig. 13 
as obtained in the field and the computed curves of 
Figs. 11 and 12 is almost conclusive proof of the pre- 
ceding statement. However, this close similarity is 


Fie. 13—FuNDAMENTAL FREQUENCY NEUTRAL VOLTAGE 
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not usually present although the neutral voltages prac- 
tically always show the chief characteristics of the 
derived curves, namely, an abrupt reversal and rise of 
voltage followed by a slow droop toward zero. These 
characteristics are present in most of the neutral volt- 
ages of Figs. 2, 3,4, and 5. The other variations pres- 
ent give insight into the processes whereby the voltages 
become regular and sustained as discussed in the fol- 
lowing sections. 

The Magnitude of the Neutral Voltage. Heretofore the 
discussion has proceeded upon the assumption that each 
saturation results in a reversal of the neutral voltage. 
Such is not always thecase. Itistruethatthelargevolt- 
age changes are the result of saturations which reverse 
the neutral voltages but it is also possible for minor 
saturations of small intensity to occur. Each minor 
saturation changes the neutral voltage by a slight 
amount and results in the irregularities which may be 
observed in the curves of Figs. 2 and 3. _ If it were not 
for their occurrence these neutral voltages would 
appear much more like those derived in Figs. 11 and 12. 

The conditions which determine the intensity of a 
saturation and the magnitude of the neutral voltage 
resulting from it may be found from the instantaneous 
energy relations in the circuit. The various stages 
through which the voltages and currents pass during 
the saturation of a single transformer are investigated 
in detail in the Appendix. Asa result of the deductions 
derived there, it has been possible to set up quantitative 
relations between the initial voltages and the final 
capacitor voltage. The final capacitor voltage has 
been found to depend upon its initial value just before 
saturation, the magnitude and direction of the supply 
voltage and the peak flux density which is reached. 
These factors are related as follows: 
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Where: 

e.; = the final capacitor voltage. 

€,. = the supply voltage at the instant the trans- 
former voltage crosses zero. 

€-. = the initial capacitor voltage just before saturation. 

P.,, = the ratio of the energy released to the energy 
stored in the transformer core during saturation. 

The vertical bars enclose absolute values of the voltages. 

It is necessary to write the products in this form in- 

stead of as squares of the algebraic symbols in order 

to retain the proper signs. Had the terms been squared 

all of the signs would have been POS and, therefore, 

not generally valid. 

In general the factors entering the relation may vary 
throughout a rather wide range. The only definite 
result of saturation in a single transformer is that 
the voltage across the saturated transformer must reach 
zero. Whether the capacitor voltage reverses or not 
depends upon the magnitude and direction of the supply 
voltage at that instant. The relation expressed in 
Equation (28) covers all possible cases. However, 
when the capacitor voltage is merely reduced in magni- 
tude and not reversed by the saturation of a single 
transformer, the bias voltage is still maintained so that 
one of the other transformers will saturate later in the 
same direction and accomplish the reversal. In some 
cases as many as four single saturations occur in the 
same direction before the capacitor voltage reaches its 
maximum reversed value. The general term saturation 
as used here includes the complete group of single trans- 
former saturations occurring in one direction at a given 
time. Although the minor saturations are more or 
less incidental and do not directly result in major 
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voltage fluctuations they function to stabilize the 
voltages in the sustained condition as explained below. 


MULTIPLE SATURATIONS AND SUSTAINED VOLTAGES 


Voltage Limitation and Stability. If the neutral 
voltages arising from a succession of alternate satura- 
tions are to become stable at a particular value, some 
process must be present to maintain and limit the 
voltages within the stable range. This process is found 
to exist as a result of multiple saturations. As ex- 
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plained before, a complete saturation resulting in a 
reversal of the neutral voltage may involve one or 
more transformers. Each single transformer satura- 
tion contributed a definite part of the total energy 
change. Multiple saturation refers to the condition 
where at least two such single transformer saturations 
occur in the same direction* to accomplish the neutral 
voltage reversal. 


In general each succeeding major and alternate 
saturation tends to build up the alternating capacitor 
voltage just as indicated by Fig. 14 and by the transition 
from Fig. 11 to Fig. 12. As a matter of fact it has 
already been indicated that all sorts of saturations 
occur, resulting in voltage changes of from a slight 
reduction to a complete reversal. But the major 
saturations are the result of abnormally large trans- 
former voltages which only occur when the neutral 
and supply voltages are in the same direction and add 
directly. This is the condition which produces the 
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largest reversed voltage and, therefore, the largest 
build up effect. 
transformers begin to reach saturation densities in the 
same direction. If the saturations fall into the proper 
phase with respect to the line-to-neutral supply voltages, 
a position will be reached in which a minor saturation 
occurs just before the main saturation. Such a con- 
dition is illustrated in Fig. 18 where the saturation of 
transformer 1 precedes the main saturation occurring 
in transformer 2. In accordance with the quantitative 
relations discussed in the preceding section and in the 
Appendix, the preliminary saturation of transformer 1 
will reduce the initial voltage for the main saturation 
which in turn reduces the magnitude of the resulting 
reversed voltage. Thus when these preliminary satura- 
tions start to occur, the neutral voltages soon reach a 
limiting value where the preliminary saturation reduces 
the voltage by the amount of the build up effect. When 
each saturation occurs as a multiple saturation in this 
manner the condition is a stable one because a reduc- 
tion of the neutral voltages, for any reason, makes the 
preliminary saturations disappear and the succeeding 


*Loc cit. 
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saturations will again tend to build up the voltages. 
On the other hand, if the voltages increase above the 
stable value the preliminary saturations will become 
more pronounced and cause their reduction. 

This process is plainly evident in the neutral voltage 
curve of Fig. 3. Here a preliminary saturation reduces 
the voltage to a fairly small value, after which the 
main saturation occurs and results in the voltage 
reversal. In the case of Fig. 2 the reduction occurs 
in several steps as three or four saturations occur in 
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multiple for each voltage reversal. All of the abnormal 
voltages observed possess these multiple saturations 
after they reach the stable state. Their effect is not 
always evident in the voltage curves since under cer- 
tain circuit conditions the auxiliary stabilizing satura- 
tions occur too close to the main saturation and the 
effect of the first or stabilizing saturation merges into 


‘the effect of the second. This is the case in Fig. 13. 
“The small auxiliary saturations are always evident in 
~the current oscillograms, however, as shown in Figs. 


19 and 20. 


A 


B 
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19—FuNDAMENTAL FREQUENCY NeruTRAL VOLTAGE 
PHENOMENON (C. D. 120409 B) 
Curve A—Transformer current phase 1 


Curve B—Neutral current 
Curve C—Transformer current phase 2 


Fie. 


In general, therefore, the abnormal voltages tend to 
be cumulative but reach a limiting value when they 
give rise to the auxiliary stabilizing saturations just 
described. 

Possible Sustained Neutral Voltage Frequencies. As 
a result of the stabilizing process the successive alter- 
nate saturations can only occur in the sustained con- 
dition at those frequencies which give rise to the proper 
stabilizing saturations. It should be emphasized, how- 
ever, that the fundamental process involved in the 
generation of these voltages does not possess a definite 
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frequency characteristic. The saturations and re- 
sulting voltage reversals occur whenever the trans- 
formers reach saturation densities, and the neutral 
voltage frequency is dependent solely upon their rate. 
Consequently it is not to be expected that the possible 
sustained frequencies will necessarily be familiar multi- 
ples of the supply voltage frequency. In Figs. 21 to 
26 the flux curves which result from the normal line-to- 
neutral voltage components are combined with the 
flux components resulting from various trial frequency 


20—DovsiE FreQquENCY NEUTRAL VOLTAGE 
PHENOMENON (C. D. 120394) 


Curve A—Transformer current phase 1 

Curve B—Transformer current phase 2 

Curve C—Transformer current phase 3 
reversed with respect to A and B 


Fig. 


neutral voltages in order to determine which possess 
the proper stabilizing conditions. The necessary 
conditions for a. minor saturation to be effective in 
stabilizing the voltage are that it must precede the 
main saturation and that it will increase in importance 
as the neutral voltage increases, and decrease in 1m- 
portance as the neutral voltage decreases. An increase 
in neutral voltage causes an earlier rise in the flux 
curve so that these conditions are not difficult to recog- 
nize. Although sine curves have been used in these 
trials the flux curves resulting from the actual voltages 
are not materially different. The possible stabilizing 
saturations are numbered in the order of their occur- 
rence except in Fig. 21, where there can be no doubt 
of their presence. 

In each case illustrated by Figs. 21 to 26 some possi- 
ble stabilizing saturations are present. In Fig. 23 
both of those indicated occur on the same side of the 
cycle. Since the limitation must affect both halves 
of the wave such a condition is hardly stable. In Fig. 
24 only two stabilizing saturations occur for the two 
cycles of neutral voltage. As one is positive and the 
other negative, stability is possible even though two 
peaks out of four are not affected. The conditions 
surrounding the actual formation of the double fre- 
quency voltages are rather critical. This fact fits in 
with the lack of complete stabilizing saturations. In 
Fig. 25 the stabilizing saturations continually diminish 
in magnitude, and the resulting voltages would be forced 
up to the next higher frequency. The six saturations 
per cycle illustrated by Fig. 26 have complete stabilizing 
saturations and should result in very stable voltages. 

More:than six saturations per cycle would require 
at least one transformer to saturate twice in the same 
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direction for one half cycle. For uniform neutral 
voltages this is impossible. The second of the two 
required saturations would always occur too early and 
at a lower voltage than the first. 

An inspection of Figs. 21 and 22 and the preceding 
discussion show that only 1, 2, 4, and 6 saturations per 
cycle possess the proper stabilizing saturations. Trials 
with other frequencies than those of Figs. 21 to 26, 
give strong indication that these include the only 
possible conditions although an infinite number of 
trials could be made. It is safe to conclude, therefore, 
that the frequency of the sustained neutral voltages 
obtained as the result of a stable succession of alter- 
nate saturations must be either one-half, equal to, 
double, or triple the supply frequency, since each com- 
plete saturation represents one reversal of the voltage. 

In connection with the triple frequency voltages, it 
is necessary to distinguish here between what is ordi- 
narily known as third harmonic intensification and 
triple frequency voltages which are excited by successive 
alternate saturations in accordance with the principles 
established above. Actually the transition in passing 
from one to the other is not very definite. However, 
third harmonic intensification is generally interpreted 
to mean that the capacitance current amplifies the 
normal third harmonics which already exist in the 
transformer voltages. In the case of third harmonic 
excitation by saturation it is entirely possible for the 
normal third harmonic voltages to be short circuited by 
the capacitance as has actually been observed.’ With 
the proper conditions a closing of the switch in the same 
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circuit may give rise to abnormal triple frequency 
voltages which are self excited by saturation. In the 
case of third harmonic intensification the sustained 
voltages would occur as sustained phenomena after 
every switch closing, while in the case of triple fre- 
quency voltages from saturation they may occur only 
occasionally. As a matter of fact the terms used give 
sufficient distinction. Third harmonic intensification 
indicates an increase in third harmonic voltages which . 
already exist, whereas the self excitation of third 
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harmonics by successive alternate saturations indicates 
that they need not necessarily be present in normal 
operation but may occur at times as a result of an 
abnormal condition, namely, transformer saturation. 

Low Frequency Beats. With respect to the positive 
and negative flux curves the phenomena may be classi- 
fied according to whether the neutral voltages result in 
symmetrical or unsymmetrical flux densities within 
the transformers. Figs. 21, 22, 24, and 26 permit the 
identification of each of the frequency conditions 
according to this classification. The one and four 
saturations per cycle phenomena obviously produce 
unsymmetrical densities. In three-phase circuits a 
certain degree of instability is an inherent accompani- 
ment of the unsymmetrical densities and results in the 
low frequency variations in the flux densities and cur- 
rents of the transformers which have been described.!"*6 

The instability occurs in the mean neutral voltage. 
For symmetrical densities a displacement of the mean 
neutral voltage increases the transformer losses in a 
way for which no energy is available and symmetry is 


Fie. 22—Two SATURATIONS PER CYCLE—STABILIZING PEAKS 


NUMBERED IN THE ORDER OF OCCURRENCE 


restored just as the displaced single-phase transformer 
starting currents become symmetrical after a time. 
On the other hand the one-half and double frequency 
phenomena result directly in unsymmetrical densities 
so that the means exist inherently for their maintenance. 
The unsymmetrical densities, however, tend toward 
unequal positive and negative neutral currents since 
the shape of the magnetization curve precludes the 
possibility of the transformers operating at widely differ- 
ent densities and at thesame time result in equal currents. 
The excess current occurring in a particular direction 
builds up a mean voltage on the capacitor of Fig. 6A. 
This voltage continues to rise until it builds up the flux 
density of the transformers to result in equal currents. 
The mean voltage then stops rising but the flux density 
resulting from it keeps on increasing. Unequal currents 
in the opposite direction result, which reduce and reverse 
the mean capacitor voltage until the process is repeated 
on the other side of zero. The continual surging be- 
tween the mean capacitor voltage and the average 
density of all the transformers considered together 
gives rise to the beat phenomena. The beat phenomena 
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are, therefore, inherent characteristics of the one-half 
and double frequency phenomena in the three-phase 
transformer circuit. The densities associated with 
both frequency conditions are sufficiently high to set 
up audible stresses within the transformers. The varia- 
tion in the magnitude of the stresses produces the audi- 
ble beats. 


As a result of the beats the voltages due to the satura- 
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in order of occurrence in order of occurrence 


tions never occur at the exact rate of one-half or double 
the supply voltage frequency but differ therefrom by 
a small amount. 


SOME APPLICATIONS OF THE THEORY TO THE OBSERVED 
VOLTAGES 

Perhaps the most abundant proof of the foregoing 

explanation or theory of the abnormal voltages is 

afforded by a study of the irregular transients which 


Fig. 


26—Srx SaTurRa- 
TIONS PER CYCLE 


Fig. 25—Five Satura- 
TIONS PER CYCLE 


have been recorded. These voltages are so irregular 
in magnitude and so indefinite in period that they must 
arise from such a chance process as the occurrence of 
successive saturations. The transients are important 
because they occur in every Y-connected trans- 
former circuit. When delta-connected. windings short 
circuit the neutral voltages they are of course suppressed 
in magnitude but the saturations still occur at the start 
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and the resulting circulating currents in the delta pro- 
duce neutral voltages equal to their impedance drop. 
Also there must be quite a few Y-connected transformer 
circuits, of the type considered here, in which the system 
capacitances are not of the proper value to result in 
sustained voltages. Such circuits are subjected to 
abnormal voltages which go unnoticed due to their 
transient nature, but which may result in insulation 
failure. 

On the other hand from the standpoint of instru- 
ment transformer operation as well as from the purely 
theoretical viewpoint, the sustained voltages are of 
greatest interest. Most of the available data apply to 
these phenomena. 

Neutral Voltage Frequencies and Circuit Constants. 
Most any transformer operated at the usual core 
densities will saturate at least occasionally just after 
starting. Fora given transformer bank the occurrence 
of a particular frequency phenomenon is dependent 
upon the starting conditions and upon the capacitance 
of the circuit. The higher values of capacitance are 
associated with the lower frequency neutral voltages 
and each frequency condition has a range of capaci- 
tance within which the phenomenon occurs. The 
ranges for the different frequencies overlap so that a 
given value of capacitance may result in either one of 
two frequency conditions, depending upon which of the 
two corresponding stabilizing conditions the voltages 
happen to fall into during the transient state. 

For a particular system or value of capacitance the 
larger transformers are associated with the higher fre- 
quencies, assuming that they operate on the same volt- 
age. A general relation between the transformer size 
and capacitance can be arrived at from the standpoint 
of energy. The larger transformers have greater 
amounts of energy stored in the transformer core and 
consequently require a larger capacitor, for the same 
frequency of saturation, to absorb the energy. 

The Neutral Voltage and the Supply Voltages.. The 
stabilizing process depends upon the neutral voltages 
building up until they result in the formation of the 
stabilizing saturations which occur when a certain value 
of flux density is reached. The peak flux is, therefore, 
roughly fixed by the relations existing between the 
stabilizing and main saturations. For a given fre- 
quency phenomena in a particular circuit these rela- 
tions are approximately constant so that limitation 
occurs at a roughly constant peak flux. These rela- 
tions can be expressed best in mathematical form. 
If ¢, represents the value of peak flux at which sta- 
bilization occurs and @¢, represents the normal peak 
flux the neutral of capacitor voltage may be thought of 
as due to the variation in the difference between these 
two flux values. Thus 

Pe = Pp ad Po (2) 
and the r.m.s. neutral voltage may be roughly ex- 
pressed as 
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For a given frequency, f., as the supply voltage in- 
creases, 7. €., if d, increases, ¢, and H. must decrease. 
Thus over the range of supply voltage for which a. par- 
ticular phenomenon is sustained, the neutral voltage 
will tend to vary in an inverse relation to the supply 
voltage. This fact is excellently illustrated-by the 
data in Table IV of the companion paper by A. Boyajian 
and O. P. McCarty® and also in some of the tabulations 
of C. T. Weller.® 

For neutral voltages of the same as system frequency 
C. T. Weller has pointed out that the neutral lies 
sometimes within and sometimes outside of the delta 
voltage triangle. In the first case the neutral voltage 
is not quite sufficient to offset the normal line-to-neutral 
voltage and the neutral lies inside. In the second case 
the neutral voltage is greater than the normal line-to- 
neutral voltages and the neutral lies outside the delta 
voltage triangle. In accordance with Equations (1) 
and (2) the mere raising of the supply voltage will 
reduce the neutral voltage and bring the neutral inside 
the triangle. Thus the neutral lies inside when the 
supply voltage is relatively high, and outside when the 
supply voltage is relatively low. This variation is illus- 
trated in Table II of C. T. Weller’s paper where 94 
per cent excitation results in a neutral just outside the 
triangle, whereas 104 per cent brings it well inside. 

Relation between the Neutral Voltage and Its Frequency. 
From Equation (4) it may be deduced that for a given 
bank of transformers the neutral voltages will increase 
in the same order as their frequency. That this is 
true is also clearly illustrated in Table II of Weller’s 
paper where phenomena C, A, and B represent the one- 
half, equal to, and double system frequency voltages 
respectively. 

Equation (4) cannot always be applied so success- 
fully to phenomena of different frequencies, due to the 
variation in the peak densities, or @,, at which the 
stabilizing saturations form. In general ¢, will be 
much lower for the equal to system frequency phe- 
nomenon than for either the one-half or double fre- 
quency phenomena. 

Characteristics of Voltages Having System Frequency. 
In the two companion papers this phenomenon is 
termed neutral shift or phenomenon A. In both 
papers the voltages are represented by a conventional 
vector diagram. 

The successive saturation theory of these voltages 
requires that the neutral voltage curve fall between the 
voltage curves of the transformers giving the main and 
stabilizing saturations. As.a result the neutral voltage 
must always be about opposite to the third transformer 
voltage which lies half way between the two other 
voltages. This relation is illustrated in Fig. 22. The 
neutral, consequently, always falls in the general direc- 
tion of one apex of the delta voltage triangle in a 
vector diagram. 

As discussed elsewhere, variations in capacitance 
vary the phase of the neutral voltages so that the phase 
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relations are not always exactly the same. However, 
the preliminary saturation tends to be smaller and must 
occur in the transformer occupying the leading phase 
with respect to the main saturating transformer. 
Since the transformer in the leading phase thereby 
operates at a slightly lower density, its voltage should 
ordinarily be slightly lower than that of the main 
saturating transformer. In connection with the data 
on phenomenon A in Tables II and III (C. T. Weller') 
it will be noted that the smaller of the two large 
voltages does occur in the transformer occupying the 
leading phase. 

The Phase of the Stabilizing Saturations as Dependent 
Upon Capacitance. Within the range of capacitance 
which will sustain a given frequency a decrease in 
capacitance results in a more rapid rise of the neutral 
voltage. This causes the stabilizing saturations to 
occur earlier or in other words lengthens the time 
interval between the stabilizing and main saturations. 
It is to be concluded that the neutral voltages of Fig. 3 
were obtained with relatively small capacitances where- 
as the neutral voltages of Fig. 13 were obtained with a 
relatively large capacitance. In the first case there is 
an appreciable interval between the stabilizing and 
main saturations; in the second, the two practically 
coincide. 

Peak Flux Density and Capacitance. In accordance 
with the relations derived in the Appendix, the peak 
flux density during saturation tends to increase with 
increase in capacitance. It is to be expected in general, 
therefore, that as the capacitance is increased the 
neutral voltage would show some increase although 
not in proportion to the capacitance due to the relations 
involved in equations (3) and (4). This variation is 
illustrated by Table IV of the companion paper by 
Boyajian and McCarty. 

Relation of Beat Frequency to Capacitance and Supply 
Voltage. The increase in flux density accompanying 
the rise in capacitance increases the asymmetries of 
the currents in cases of one-half and double frequency 
neutral voltages. The variations of the mean neutral 
voltage therefore occur at an increased rate since the 
excess currents are accumulated faster. This variation 
of the beat frequency with capacitance is illustrated by 
Table III of the companion paper by Boyajian and 
McCarty. Also illustrated in that table is the increase 
in beat frequency with decrease in supply voltage. 
The decrease in supply voltage causes larger neutral 
voltages, also giving rise to greater asymmetry in the 
currents and consequently more rapid beats. 

Basis for Predicting the Occurrence of Any Given 
Phenomena. A complete discussion of this subject 
obviously includes a large number of detailed considera- 
tions. A basis for considering any particular set of 
transformers rests in the stabilizing process. This 
depends upon the flux density reaching a given value, 
namely, that at which the stabilizing saturations occur. 
Thus regardless of the size of core, number of turns, 
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etc., for a given frequency of successive saturations the 
flux-density-time curves must have a fairly definite 
shape. With this as a basis the occurrence of a par- 
ticular frequency neutral voltage can be predicted from 
the total capacitance and the transformer structure 
specifications. 

Capacitance within the transformer must be included 
in determining the total capacitance. To maintain a 
given phenomenon with a particular size of core and a 
variable number of turns, the total capacitance must 
vary inversely as the square of the turns. However, 
the capacitance between layers and turns of a winding 
increases as the first or higher power of the turns so that 
as the turns are increased a point is reached where 
further increase offsets any decrease which may be pos- 
sible in the external capacitance. This may be the 
reason why all investigators have not been able to 
duplicate the double and triple frequency phenomena 
in the laboratory. For the higher frequencies the 
number of turns should be low in comparison with the 
size of core. In general this would mean transformers 
with a fair load capacity instead of small potential 
transformers and the like. 

Prevention of the Phenomena. The circuit considera- 
tions indicate that the phenomena may be prevented by 
decreasing the capacitance to well below that necessary 
to sustain the triple frequency phenomena or to increase 
it to well above the limit for sustaining the one-half 
frequency phenomena. The wide range of capacitance 
within which the phenomena are sustained makes this 
procedure of doubtful practical value in most cases. 

The phenomena may be damped out with transformer 
line-to-neutral loading sufficient to dissipate, in one- 
half cycle of neutral voltage, the energy acquired by 
the capacitor from the supply voltage during the pre- 
vious saturation. 

CONCLUSIONS 


It is to be concluded that the abnormal line-to- 
neutral voltages which have been observed at various 
times in the field and laboratory are the direct result of 
a succession of saturations in the transformer cores. 

In the transient state the initial asymmetries of the 
core flux densities result in saturations of a highly irregu- 
lar order and produce correspondingly irregular voltages 
having no definite frequency. The abnormal voltages 
are sometimes limited within a stable zone as a result 
of multiple saturations and thereby become sustained. 
The stabilizing process only occurs for neutral voltage 
frequencies of either one-half, equal to, double, or triple 
the supply voltage frequency; consequently, these are 
the only frequencies which can exist in the sustained 
condition. 

The successive saturations giving rise to the abnormal 
voltages do not possess a definite frequency characteris- 
tic, and as a result frequencies occur which are not ordi- 
narily expected in ordinary alternating current circuits. 

The minor and incidental characteristics of the pub- 
lished data bear a definite relation to the process of 
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successive saturations and are adequately explained 
by this theory. 
Appendix 

Proof for the Equivalent Circwit. Mathematical 
analysis has a limited use in the treatment of iron-clad 
circuits. In this discussion, however, its application 
enables the substitution of a more simple circuit than 
that actually found in practise. All of the relations 
established in the following analysis involve instan- 
taneous values only and thereby apply toall waveshapes. 

The circuit of Fig. 14 comprises a Y-connected bank 
of transformers (with neutral grounded) connected to 
ungrounded three-phase delta voltages. The line-to- 
ground capacitance of lines, transformer bushings, 
switches, etc., are represented by the lumped capaci- 
tances C,, C2, and C3. Since the ground only serves 
as the connection between the capacitors and the 
transformer neutral the connection may be made direct 
and each capacitance shunted across its transformer as 
in Fig. 1B. This circuit is quite complicated. A 
complete treatment would involve simultaneous con- 
sideration of six currents to say nothing of the trans- 
former flux-current relations. 

The three transformer voltages, however, may be 
resolved into three known components and one un- 
known, that is symmetrical components and com- 
ponents of zero phase sequence respectively. The 
three symmetrical components are so related that: 

Cai + Caz + Caz = als (4) 
For the zero phase sequence components the relation is: 
€o1 = Con = C53 = Cd : (5) 

Each transformer voltage is the sum of its com- 
ponents, thus, 

Cr = Car + C1 

Cin = Caz + Cro 

€:3 = Cas + Cb3 
and from the definition of neutral voltages as given in 
an early part of the paper, namely: 


(6) 


Cn + Cin + Crs ay (7) 
3 
it is evident that 
Cn = & 


For normal operation of the transformers from 
balanced supply voltages the three transformer voltages 
add to zero, and, consequently, the neutral voltage is 
zero. For abnormal operation each transformer volt- 
age consists of a symmetrical component plus the neu- 
tral voltage. The latter voltage component being 
common to each of the transformers. 

In Fig. 1A the transformer voltages are functions of 
theirr espective currents. The three currents are so 
related that, 

411 + tee + tts = tn (8) 
The three capacitor currents are similarly related, 
Ver aod too ig Log AT an (9) 

In terms of the transformer voltages the three capaci- 
tor currents are: 
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A de, d @a1 =) 
inline) 8 = 61( dimen 
i dé d C42 “+ ) 
4.2 = yp Gal dt at dt (10) 
: des d €a3 oe) 
ia = Oa Gy = Cal Fh aaa bk 
thus from equation (9): 
; d €a1 d €a2 d €a3 
Binney ee Coan ay 
dé, 


For the special case where 
C,= Ch Cs = sia 
the capacitance may be factored from the differential 
coefficients of the symmetrical components after which 
the latter will add to zero in accordance with the result 
of differentiating equation (4), so that, 


de, 
Peat 


in = —38C (12) 

In other words the neutral current, for balanced. 
line-to-neutral capacitance, is dependent upon the 
total capacitance and the neutral voltage. It is inde- 
pendent of the voltage-current relations within the 
transformers except indirectly as these alter the neutral 
voltage. 

Any equivalent ‘circuit will be satisfactory for 
balanced capacitance, provided the transformers re- 
tain the same connections and have the same neutral 
current as in the actual circuit. Only the neutral 
current is dependent upon conditions external to the 
transformers. 

That these conditions are satisfied by Fig. 6A may be 
readily demonstrated. Here a definite supply voltage 
is assumed in the form of a three-phase Y-connected 
generator. The three symmetrical line-to-neutral gen- 
erator voltages are related by: 


C91 a €g2 + C93 = 0 (13) 
Each of the three single-phase closed circuits comprise 
voltages so related that, 


€gi = Cr + Ce 


Cg2 = C12 + Oe (14) 
€gs = C13 + Ce 
From equations (6) and (13): 
e e e 
oat fet fe = — @ =e, (15) 
From which the neutral current becomes, 
d en 
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Therefore, in so far as the transformers are concerned 
the circuit of Fig. 6A is electrically identical to that of 
Fig. 14 provided: 

Ci — C, =4 C3 = Cs (17) 
and 
GC, = 3. Ce (18) 

It is significant that these deductions are independent 
of anything which may go on within the transformers. 
In fact the lumping of the capacitances may be applied 
equally well to any type of Y-connected similar or dis- 
similar impedances which may be substituted for the 
transformers. 

The total effect of unequal capacitances may be 
illustrated by assuming that C, is the smallest of the 
three capacitances. Equation (11) may be written 
for this case in the form 


dq d eq 
ee TAO) 
d ep, 
+ (Ci + Or + C2) 3; (19) 


Thus the capacitance may still be lumped in so far as 
the current resulting from the neutral voltage is con- 
cerned. In addition, however, there are components 
of current equal to the products of the excess capaci- 
tances of two legs and the differential coefficients of 
their respective symmetrical component voltages. In 
other words, as long as the total capacitance remains 
the same, making the individual capacitances unequal 
will only result in additional neutral currents of the 
same frequency as the supply voltages. No change in 
the neutral voltage frequency currents will occur. 
For cases where e, is large compared to e, or where 
the capacitance unbalance is small the effect of the 
unbalance is negligible. 

Energy and Voltage Relations During Saturation. 
The energy stored within a capacitor at any instant, is 
a function of the voltage at that instant, regardless of 
the variations which may have occurred previously. 
By means of this fact it is possible to derive quantita- 
tive expressions for the surges of energy between the 
capacitor and transformer during saturation without 
taking into consideration the time required for the 
completion of the process. 

Let the sinusoidal supply voltage be represented by 
e, in Fig. 14 which illustrates saturation voltage curves 
for the circuit of Fig. 6B. The three voltages of the 
circuit must maintain the relation 

=e +6 (20) 

As indicated in Fig. 14 saturation starts at ¢... Its 
immediate effect is the reduction of the transformer 
voltage, e,, to zero. This occurs at the point marked 
€,. where the capacitor voltage is equal and opposite 
to the supply voltage in accordance with equation (20). 
During the time e, is reaching zero, e, drops from @o 
to zero and then rises to — e,,. The first step results 
in a loss of energy by the capacitor of 
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WwW, = 1/2 C e,.? (21) 
The second step results in an acquisition of energy by 
the capacitor of 
w, = 1/2C e,. (22) 
Thus the total change in energy of the capacitance is 
Wor = 1/2 C (e.2 + e,.?) (23) 
This energy change in the capacitor results in a 
corresponding rise of magnetic energy stored within 
the transformer core. The energy acquired by the core 
is a function of maximum flux density as shown by curve 
A of Fig. 15 which represents the energy of one cubic 
cm. of typical transformer steel. Consequently by 
means of equation (23) and curve A of Fig. 15 the 
peak flux density reached during any saturation may 
be computed for a given core volume. In this manner 
quantitative relations are available from the time 
saturation starts until the transformer voltage reaches 
zero. After the transformer voltage reaches zero the 
magnetic field collapses regardless of further variation 
in the supply voltage. A portion of the magnetic field 
energy is thereby returned to the capacitor and results 
in a further change of its voltage. The actual energy 
returned is given by curve B of Fig. 15. However, it 
is of considerable advantage to express this returned . 
energy as a fraction of that acquired. This factor, 
P.,,, is shown in Fig. 16. From equation (23) the 
energy returned in the collapse of the magnetic field is 
1 fb 2 OG BS A Be (24) 
As above described the complete change in the 
capacitor voltage from its initial to its final value 
occurs in three steps. First, the capacitor voltage 
reaches zero; second, it reaches a value equal and 
opposite the supply voltage at the instant the trans- 
former voltage reaches zero; and third, the capacitor 
acquires the energy of the magnetic field and reaches 
its final value. The final energy stored within the 
capacitor may be written 


1/2 C ef = 1/2C @,¢ +.1/2 PoC (Cc? + eye’) (25) 
and the final voltage becomes 
Cos” == Cea ata fips (eon ae Ce") (26) 


The exponents in the energy equations eliminate the 
effect of signs so that other possibilities may occur which 
would not conform with equation (26). For instance, 
it frequently happens that the transformer voltage 
does not reach zero until after the supply voltage is 
reversed. The curves for such a condition are shown 
in Fig. 17. For this case the energy relations result 
in a final voltage such that 

Och u— Sgaticte ow: (eo = Cge) (27) 

If a general relation is to be established, which will 
be applicable to all cases, the terms in the equation 
cannot be squared for in doing so they lose their signs. 
The difficulty may be avoided by the use of products 
of absolute and algebraic values. Such a product has 
the same magnitude as the square of the algebraic 
value but retains its original sign. The absolute values 
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may be represented by enclosing them between the usual 
vertical bars. The general relation written in this 
manner is: 


Ccf / ect | = > Ea. | Cg0 | = Py {co | €co | Ss | C90 | \ 
(28) 
In any case the significant result is that the final 
voltage of the capacitance is dependent upon the initial 
capacitor voltage at the start of saturation and upon 
the supply voltage at the instant the inductance voltage 
reaches zero. Where equation (26) applies, the initial 
capacitor voltage is often many times the supply volt- 
age and therefore dominates in the expression for the 
final reversed voltage. However, due to the factor 
P.,, the final reversed voltage cannot exceed the initial 
voltage without the energy contributed by the supply 
voltage. These equations, therefore, illustrate the 
specific manner by which the capacitor voltage may be 
maintained. In equation (27) if e, is quite large the 
capacitor voltage may not be reversed at all but merely 
reduced in magnitude. This tendency, for such a 
case, is amplified by the smallness of P,, for, when the 
energy contributed to the core is not the result of the 
sum of e,2 and e,? as in equation (26), the peak densities 
reached are usually low so that P,, is small in accordance 
with Fig. 16. Thus the capacitor voltage resulting 
from a saturation is largely dependent upon the point 
on the supply voltage cycle at which the saturation 
occurs. This characteristic is of major importance in 
establishing the conditions for a stable succession of 
alternate saturations. 
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Discussion 
EXPERIENCES WITH GROUNDED-NEUTRAL, 
Y-CONNECTED POTENTIAL TRANSFORMERS ON 
UNGROUNDED SYSTEMS 
(WELLER) 
PHYSICAL NATURE OF NEUTRAL INSTABILITY 
(BoyaJIAN AND McCarry) 
THEORY OF ABNORMAL LINE-TO-NEUTRAL 
TRANSFORMER VOLTAGES 
(LAPIERRE) 


J. Fallou: I believe that the two phenomena analyzed by 
Messrs. A. Boyajian and O. P. McCarty can find an immediate 
and common physical explanation if based on the following 
experimental data: . 
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1. Fig. 1 is a circuit comprising an a-c. source of frequency 
fo, an air-core inductance L, and a capacitance C. It is known 
that if the conditions of such a circuit are altered, there appears 
across the terminals of the inductance and the capacitance a 
voltage comprising; (a) a steady state term of frequency fo; (b) a 
transient term of frequeney f’. 

1 
2 Af 50 

If it is desired to maintain at the terminals of the capacitance a 
voltage of frequency f’, it is necessary and sufficient that the 
frequency fo of the source, or one of its higher harmonics, be 
equal to the desired frequency f’. In particular, it will never be 
possible to obtain, in a permanent manner, a frequency lower 
than fo. 

Let the air-core winding be now replaced by one with a mag- 
netic core, with a self-inductance L (as determined by the 
straight portion of its magnetization curve) the same as before. 
The closing of the switch produces, as before, a transient voltage 
across the terminals of the capacitor, the sum of a free and forced 
state. But it is possible that the intensity of the current pro- 
duced by the free oscillation be far greater than that arising from 
the permanent term, in some eases sufficiently large to saturate 
the magnetic core. The voltage across the terminals of the 
capacitor then contains a fundamental wave f’ accompanied by a 
series of harmonics. Generally, such a free oscillation dies out 
following a very complex law, and its wave shape also changes 
as the current decreases. 

However, I have shown experimentally in 1926* that if the 
frequency of one of the harmonics of such a free oscillation is 
near that of the source, the entire free oscillation, including its 
fundamental component, may become sustained. 


fi= 


Fie. 1 


Thus, a frequency lower than that of the applied e. m. f. may 
be found to persist across the terminals of the self-inductance or 
of the capacitance. 

I have also found and described a static frequency reducer. ft 
This apparatus operates on a principle totally different from that 
of frequency multipliers based on ferro-resonance used for a long 
time: it utilizes the maintenance of a free oscillation (which is 
necessary td start first) by one of its harmonies; while, in the 
frequency multipliers, on the contrary, a forced and distorted 
oscillation is produced, one of the harmonies being assumed as 
intensifying through an arrangement for resonance. Besides, 
frequency multipliers do not furnish even harmonies without the 
introduction of direct current into the circuit, while this arrange- 
ment furnishes directly an even multiple of the basic frequency. 

2. Profiting by my experiences, Mr. E. Rouelle has been able 
to generalize the proposition which I have demonstrated; he has 
shown that in a circuit containing an iron-core inductance and a 
capacitance, fed by a sinusoidal e. m. f., it is possible to maintain 
various oscillations, the frequency of which can be not only even 
or odd sub-multiples of the source, as I have shown, but also even 
or odd multiples. 

Thus, the following proposition is found definitely demon- 
strated: 

In a cireuit containing an iron-core winding and a capacitor, 
if a free non-sinusoidal oscillation of fundamental frequency f” is 


-*J, Fallou: Revue Generale del’ Electricite 1926—T. XIX, p. 987. 
' tAmerican Patent No. 1,633,481. 
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started, such an oscillation can be maintained from a source of 
frequency f which is higher than, equal to, or lower than f’, pro- 
vided that f and f’ have a simple ratio (even or odd, integral or 
fractional). 

3. Finally, M. Rouelle has verified the following by test: 

Three iron-core windings O Ai, O Ao, and O A; (Fig. 2) have 
a common point O, and are connected respectively to three 
capacitors A; C,and A» C,and A; C. 

Excitation is applied between O and C from a source of fre- 
queney f; after which, on starting oscillations in one of the cir- 
cuits, it is possible to maintain, across the terminals of C A,, 
C As and C Az, three voltages at a frequency f’ equal to one- 
third of f, each one of these voltages being spaced one-third of a 
eyele away from the adjacent cireuit. M. Rouelle has thus 
shown the possibility of static transformation of a single-phase 
voltage of frequency f to a polyphase voltage of frequency f’ 
sub-multiple of f. 

It is clear that the last experiences of Rouelle demonstrates a 
phenomenon which is the reciprocal of that which happens in 
case of neutral oscillations. 

As to the inversion of the neutral, it can be proven through the 
same mechanism, the sustained frequency f (oscillation of the 
neutral) is then almost equal to the sustaining frequency /’. 
The experiences of Messrs. Boyajian and McCarty have led the 
authors to sustain at the neutral point of the system oscillations 
at the frequency f equal to f’ (inversion and oscillation at the 
frequency f’ /2): by changing the test conditions, that is, the 
capacitances and the degree of the saturation of the iron, other 
frequencies could also have been put into evidence. 

This explanation is otherwise very close to those given by 

Messrs. Boyajian and MeCarty: it may not be without interest 
- to state in passing, that these authors have been able to deduce 


Fre. 2 


a general law (maintenance of a harmonic or sub-harmonic), 
starting from a particular case (instability of neutral) while on 
our side, we have been led to traverse the same course in the 
reverse direction, M. Rouelle having explained the instability 
of the neutral starting from the law of maintenance which I 
demonstrated several years ago. 

F. A. Hamilton, Jr.: The first of these papers outlines 
experiences with two applications of grounded-neutral potential 
transformers on portions of systems necessarily operated un- 
grounded at certain times. These two installations provide 
outstanding examples of the difficulties which may be en- 
countered with such installations. 

In addition to the two cases which are cited in the paper it may 
perhaps be interesting to call attention to several other similar 
cases. 

A. A bank of grounded-neutral potential transformers was 
connected directly to the terminals of a bank of delta-connected 
power transformers. The potential transformer secondaries were 
connected in ‘“‘broken delta’’, the circuit being closed through a 
potential relay. When the power and potential transformers 
were energized this relay operated and tripped the breaker. The 
difficulty in this case was obviated by the expedient of opening 
the relay trip circuit automatically just before closing the 
energizing breaker and closing the relay trip circuit automatically 
some time after the breaker was closed. The voltage which 
operated the relay when this automatic scheme was not used 
seemed to be a transient one which died out rather rapidly, mak- 
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ing it possible to use the relay, which was provided for ground 
protection, at all times excepting when energizing the power 
transformer bank. 

B. A case similar to that referred to under (A) was observed 
by the writer. In this case a delta-connected power transformer 
bank was arranged to be normally connected to a short section 
of bus by means of a breaker. A bank of grounded-neutral 
potential transformers was connected to the short section of bus. 
The potential transformer secondaries were connected in broken 
delta and the cireuit closed through a potential relay. When the 
installation was first placed in operation, the closing of the 
breaker between the power transformer bank and the short 
section of bus invariably caused the operation of the relay in the 
secondary delta of the potential transformers. This difficulty 
was partially cured by the addition of a resistance burden to the 
secondaries of the potential transformers. As this method of 
curing the difficulty did not seem desirable to the operator, the 
potential relay was replaced by a lower resistance current relay 
and this cured the difficulty satisfactorily. As in the case dis- 
cussed under (A), the unbalance voltage was a transient one 
which died out rather rapidly and which did not persist as in the 
cases described in the paper. 

C. On another system employing distribution lines at genera- 
tor voltage, the insulation on an oil circuit breaker broke down. 
Grounded neutral potential transformers with secondaries con- 
nected in broken delta, the circuit being closed through potential re- 
lays were used on this system. These should not have caused trouble 
as the generator neutral was normally grounded. Examination 
of the breaker which failed, and of others in the same station 
indicated the possible presence of overvoltages, and although no 
definite solution was ever arrived at, it is thought that at times 
the operator in the station may have left the generator un- 
grounded and that resulting abnormal voltages to ground may 
have been responsible for the disturbance. 

D. On one other system tests were made to determine the 
effect of using grounded-neutral potential transformers on an 
ungrounded system. In this case the secondaries were also con- 
nected in broken delta and the circuit closed through potential 
relay. In this case, the neutral was shifted outside the delta of the 
system voltage and this unbalanced condition persisted. It was 
cured by adding a resistance burden to the secondaries of the 
potential transformers. 

In the four cases mentioned above, one of the systems operated 
at 60 kv. one at 12 ky. and the others at about 13.8 kv. 


The examples mentioned may serve to illustrate that the 
difficulty which may attend the use of grounded-neutral potential 
transformers on ungrounded systems or portions thereof, have 
been more frequent than might be believed. 


John Auchincloss: While the most important, and probably 
the most frequent, use of Y-connected potential transformers 
oceurs in connection with ground protective equipment operat- 
ing on the zero phase sequence components of current and 
voltage there are nevertheless a few other aspects of the general 
problem of the Y-connection upon which the various phenomena 
disclosed by these papers may have a profound bearing. Quite 
apart from the hazard to the potential transformers ‘themselves 
and all other equipment subjected to the stresses arising from the 
phenomena which they engender, there is the further question 
of the degree of confidence which may be placed in the indications 
of instruments or devices operating from the secondary L/N 
voltages of such potential transformers. 


Two situations immediately come to mind in which the 
occurrence of the neutral phenomena described in the papers 
may give rise to very misleading or entirely false conclusions 
in attempting to interpret certain system conditions from the 
readings of instruments, connected to Y-connected potential 
transformers. These involve the phase comparison of system 
voltages for purposes of synchronizing across grounded -Y-delta 
power transformer banks, and the detection of accidental grounds 
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on isolated-neutral systems operating at voltages beyond the 
range of the ordinary electrostatic ground detector. 

When it becomes necessary to synchronize across a Y-delta 
power transformer bank two parallel voltages, namely, the L/N 
voltage on the Y side and the L/L voltage on the delta side, are 
available for connection to the synchroscope, and if a Y-connected 
set of potential transformers on the Y-side is also available the 
prospect of using the L/N voltage on this side for purposes of 
phase comparison appears attractive by reason of its simplicity. 
The situation to which I have particular reference is that in 
which the paralleling breaker is located on the Y- or high-voltage 
side of the bank and a group of relaying potential transformers 
is present on the same side. Obviously the L/L voltages across 
the power bank are 30 deg. displaced at synchronism, requiring 
the use of phase-shifting auto-transformers, two-winding poten- 
tial transformers or other special equipment to offset this dis- 
placement at the synchroscope. To avoid the added complica- 
tion brought about by these auxiliary devices many engineers 
are prone to favor the L/N voltage on the Y-side with balanced 
Y burdens, for purposes of synchronizing. However, a little 
consideration will show that if the relaying potential transform- 
ers are to be used also for synchronizing they must be connected 
to the line side of the paralleling breaker which of course is also 
the side of the breaker away from the Y windings of the power 
bank carrying the ground. Consequently with the breaker open 
the potential transformers may or may not be connected to a 
temporarily ungrounded portion of the system, depending upon 
the switching arrangements and ground locations that may 
obtain for the time being on that part of the system to which 
the potential transformers are connected. Should these con- 
ditions be such that during the synchronizing period this. part 
of the system is ungrounded, then obviously the potential trans- 
formers are operating under circumstances which these papers 
describe as ideal for the propagation of neutral phenomena, with 
its resultant distortion of the L/N voltages. Under conditions 
such as these the danger of misleading indications at the syn- 
chroscope is obvious, as is also the conclusion that although the 
practise of synchronizing on the L/N voltage may be condoned 
under certain favorable circumstances it should be rigorously 
shunned under conditions at all likely to give rise to vagaries in 
the position of the system neutral. 

The other problem apparently involved with the phenomena 
described in the papers is that of detecting accidental grounds on 
high-voltage, normally ungrounded systems. Most methods so 
far devised for obtaining such indications have depended essen- 
tially upon the secondary Y voltages obtained from three poten- 
tial transformers connected to the lines in Y formation, with the 
primary neutral point of the potential transformers solidly 
grounded. Since the system is ungrounded this situation also 
results in a set of conditions most favorable to the inception of 
the phenomena, with resulting erroneous indications on the 
voltmeters or other ground-detecting devices operating on the 
secondary voltages. Fortunately, however, and for several 
reasons, among them being the advantages accruing from the 
use of standard 110-volt indicating devices, the potential trans- 
formers so far used for this purpose have invariably been of a 
rating suitable for the L/L voltage. Although a number of 
these ground-detecting equipments have been in apparently 
successful operation for several years nevertheless since all of the 
papers indicate that instability may occur even down to 58 per 
cent of normal excitation it is not at all improbable that the 
accuracy so far obtained from them may be susceptible to im- 
provement by the addition of suitable secondary loading. 

W. Lampert: At frequencies, the ratio of which compared 
with the impressed frequency is not an integer, an alternating bias 
is necessary. But I do not think, that at even harmonics, the 
ratio of which 7s an integer of the fundamental frequency, a bias 
is at all necessary. 


Take for instance the case, where there is no bias and no 
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residual flux, and where in the leg voltage there is a fundamental 
and a second harmonic. Then a current of fundamental and 
double frequency will flow in the transformer winding. If the 
current of double frequency has such a phase that its positive 
maximum strengthens the positive maximum of the funda- 
mental current and weakens the negative maximum of the funda- 
mental current, the curve of the resulting magnetizing current 
has a short high positive portion and a longer lower negative 
portion. This current produces a flux curve, the integral value 
of which differs from zero; which means, that the alternating 
magnetizing current produces a direct flux besides an alternating 
flux. This direct flux is however of no importance, because it 
neither produces an e. m.f. nor requires a direct current or a 
direct voltage for its maintenance. The direct flux is only an 
accompanying phenomenon, and does not support the formation 
of the double frequency. 


In the following we shall see, that it is even not always neces- 
sary, that a direct flux exist. In consequence of the saturation 


. of the iron core, the direction of the direct flux is either positive 


or negative. This fact quite depends on the phase of the double- 
frequency current. In the example, where the positive maximum 
of the double-frequency current strengthens the positive maxi- 
mum and weakens the negative maximum of the fundamen- 
tal current, the direct flux is negative in spite of the high positive 
current peak. For the positive current peak produces on the 
average only a little higher flux value than the lower negative 
current values; but the negative current values. exist much 
longer than the positive current values, so that the integral value 
of the flux curve, and with this the direct flux, become negative. 


If however, the phase of the double-frequency current ‘is 
shifted about 180 deg., so that the positive maximum of the 
fundamental current is weakened and its negative maximum 
is strengthened, then the resulting curve of the magnetizing 
current has only a short high negative peak and a longer lower 
positive portion. This current produces a flux curve, the inte- 
gral value of whichis positive, that is, the direct flux is positive. 

Between these two states, where the direct flux is either nega- 
tive or positive, such a phase for the double-frequency current, 
where the direct flux is zero, can be found. ‘Then there is neither 
a direct flux, nor a direct current, nor a direct voltage. In other 
words, there is nothing which may resemble a bias. 

W. W. Edson: Could this feature of neutral instability, or 
the half and double frequency oscillations, have any probable 
effect on the following installations? 

1. Three 8050/115-volt star-delta connected potential trans- 
formers operating watthour and power-factor meters. 

2. Same except operating directional relays. 

3. Similar except using two transformers connected open - 
star/open delta. In this case it was found that the three volt- 
ages to ground on the secondary leads are unbalanced, that is, 
the neutral is outside of the secondary delta. 

4. Three 110-kv. condenser bushing network potential de- 
vices in effect equivalent to star-star connected potential trans- 
formers operating directional relays connected in delta. An 
auxiliary set of three potential transformers is connected to this 
secondary circuit and is arranged star-delta with a ground di- 
rectional relay in the corner of this delta. 

Walter L. Upson: The three companion papers dealing 
with abnormal line-to-neutral voltages of a Y-Y system present 
an admirable attack on a rather difficult subject. The con- 
trasting theoretical studies are of considerable interest inasmuch 
as they represent such entirely different approaches to the 
problem that a reading of either paper would hardly suggest the 
other. Messrs. Boyajian and McCarty have built up their 
argument on the combined saturation curves of inductance and 
capacitance in parallel forming one leg of a three-phase system. 
Mr, LaPierre has used an equivalent circuit in which a capaci- 
tance is placed in series with the three inductive phases of his 
system, one terminal of the condenser being connected to the 
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neutral while the other is anchored to the assumed fixed neutral 
of the three-phase system supply. With this picture in mind, 
he considers what may take place under the provocation of 
saturated transformer cores. The effect of saturation in any one 
transformer is to make its inductive reactance negligible in com- 
parison with the other unsaturated transformers. There results 
a heavy flow of current through this transformer into the con- 
denser. Most of the voltage drop of this phase is across the con- 
denser which is then charged up in such a direction that its 
voltage more or less opposes, for the moment, that of the other 
two phases. In the course of cyclic variation of voltage on the 
transformers, we soon reach a point at which one of the previously 
unsaturated transformers becomes subjected to the condenser 
voltage in addition to its phase voltage, with the result that the 
condenser discharges, saturating this transformer and then 
becoming charged in the opposite direction. 

If there is the proper balance between capacitance, percentage 
of norma] transformer voltage and perhaps other less important 
factors, this proceeding will be repeated and will become periodi- 
cally recurring or stable. Of course something must start the 
phenomenon, and the author takes this to be the abnormal 
condition brought about by the starting transient with or without 
the help of residual magnetism in the transformericore. When 
the stable condition is reached all three transformers have pre- 
sumably been brought to the same magnetic condition in which 
saturation passes successively from one to another, each time 
being accompanied by a reversal of the condenser potential. It 
is rather difficult to form a picture of this changing condition 
which will include the four possible periodic frequencies of the 
phenomena and enable one to see why any one of the frequencies 
should prevail under a given set of conditions, in spite of the 
author’s painstaking effort to make it clear. However, if we 
start with a sine wave of flux which we will assume to be produced 
by a suitable magnetizing current, we can lay off a sine wave 

- voltage, ¢:, impressed on the transformer and leading the flux by 
90 deg. 

Lagging by 90 deg. will be the voltage drop across the 
condenser, and the sum of these two voltages will be the phase 
voltage of the system. Now suppose saturation to occur near 
the peak of the flux wave and that the peak is therefore flattened 
out. The voltage, e:, falls quickly to nearly zero at the instant 
of saturation, and remains there until saturation ceases. At 
the same time, the condenser voltage rises being retarded by the 
falling system voltage, but continuing to rise while the system 
voltage builds up in the opposite direction and the transformer 
voltage hovers around zero. As soon as saturation ceases, the 
transformer voltage rises to something of a peak. If the trans- 
former now saturates in the opposite direction, the procedure 
will repeat itself as outlined above. If it does not saturate, the 
condenser, being unable to discharge will retain its potential, 
permanently inverting the neutral unless it finds opportunity to 
combine with one of the other transformers to produce saturation 
in it and build up a charge in the opposite direction. Mr. 
LaPierre’s theory is no doubt correct, and is greatly clarified in 
the last section of the appendix. However, even here we are 
left without directions which would enable us to predict the type 
of oscillations which might be expected. This is probably due 


to the necessity for restricting the extent of the paper. It: 


‘would be interesting if a series of actual oscillograms could be 
shown based upon predetermined constants and conditions of 
operation. 

A. Boyajian and O. P. McCarty: Mr. Fallon arrived at 
almost the same results and broad conclusions as ourselves but 
considerably earlier and through an entirely different route. 
We are glad to acknowledge his priority, and are pleased with 
the agreement in opinions. — 

Mr. Lampert has indicated a difference of opinion with 
reference to the necessity for bias. We all probably will agree 
that the integrals of the fundamental and second harmonic 
fluxes (in fact, of all the integral harmonic fluxes) taken over a 
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cycle of the lowest frequency will add up to zero regardless of 
their phase relation, as is almost axiomatic. The same state- 
ment would also be true about currents. However, that does 
not exclude the possibility of a bias like the residual, requiring 
no external magnetomotive force in the form of a continuous 
unidirectional current in the windings, and therefore not appear- 
ing in any current integral. If an inexact even harmonic, which 
is continuously changing its phase with respect to the excitation 
frequency, needs an alternating bias, as Mr. Lampert seems 
to agree with us, then, it would seem to follow that the exact 
even harmonic of such a phase as to require neither a positive 
nor a negative bias would not be permanent, because it would 
not be able to draw power from the fundamental frequency to 
supply its losses. 

Undoubtedly, in complex phenomena such as discussed in this 
group of papers, there are points on which opinions will differ, 
but it is satisfying to note that there is general agreement on 
the broader physics of the subject. 


As indicated in our paper, we do not consider the subject as 
completely analyzed and closed. Since submitting our paper, 
we have attempted also a mathematical approach to the subject, 
and hope to be able to present it to the’ Institute in the near 
future. 

C. W. LaPierre: The interest Professor Upson has taken 
in the successive saturation theory of these phenomena is greatly 
appreciated. His discussion brings out one or two points which 
might well be clarified further. 

In interpreting these phenomena it is important to keep 
in mind several prominent characteristics of the observed data. 
In the first place a large portion of the oscillograms taken indi- 
cate that the phenomena are highly irregular in their nature. 
In many of the oscillograms shown by Mr. Weller the funda- 
mental frequency is almost completely obscured. In most of the 
oscillograms showing the transient state there is no evidence of 
any definite frequency being present. Instead the voltages take 
the form of an irregular series of voltage swings. 

Such transient states are highly important and should not 
be ignored for they in general produce the largest surges and 
insulation strains. Furthermore the sustained voltages are not 
lacking in irregularities of one sort or another. This highly 
irregular character of the phenomena is generally recognized. 


On the other hand, and in the second place, the observed 
data for the sustained conditions do indicate certain regularities 
which require explanation. Such characteristics are amply 
shown in the tabulations of both the other papers of this group. 


The phenomena, therefore, present a two fold aspect. Under 
one condition, largely transient, they are highly irregular and 
occur without definite magnitude or frequency. Under another 
condition they occur in a quite definite manner and possess 
easily identified characteristics. It is this dual nature of the 
phenomena which caused me to adopt the method of approach 
so nicely described by Professor Upson. 

The results of this method are somewhat unexpected in that 
the highly irregular transients are very easily explained by the 
theory developed. The sustained conditions appear as special 
eases of the irregular transients and occur under proper circuit 
conditions when the transients more or less accidentally fall into 
a permissible sustained frequency. Due to the element of chance 
which enters it is not so easy to picture as a direct result of 
cause and effect the transition from the irregular to the definite 
frequency. However, such a procedure is not necessary. If the 
generation of the transient voltages is understood and it is fur- 
ther understood just what the necessary conditions are for a 
stable succession of saturations then one may readily see how the 
transition occurs. As to whether it takes one, ten, or fifty 
eycles to complete the transition is of no theoretical importance 
In general the successive 
saturation theory is devoted to an explanation of just these 
fundamental processes which underlie the abnormal voltages. 
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As a result of its application it has been possible to devote a 
complete section of the paper to the explanation of detailed 
characteristics of the observed data, both for transient and 
sustained conditions. 

In the latter part of Professor Upson’s remarks a description 
is given of the voltage changes during the saturation process. 
It is necessary here to consider the relative magnitudes of the 
various circuit factors entering into the phenomena. Professor 
Upson’s remarks apply largely to the condition where the circuit 
capacitance is relatively small. In that case the voltage does 
fall ‘‘quickly to nearly zero’”’ and remains there until saturation 
is completed. 

However, the transformer voltage cannot drop to zero with- 
out upsetting the voltage distribution between the individual 
capacitances making up the system total. If the system eapaci- 
tance is relatively large the abrupt voltage change requires a 
large surge of current which must be supplied from the saturated 
transformer. In such a ease of saturation, when the transformer 
voltage does reach zero the current surge is at its peak. With no 
voltage to maintain it the current tends to drop to zero. Its 
abrupt decay is accompanied by a partial collapse of the trans- 
former flux which carries the transformer voltage far in the 
reversed direction. It is this process which generates the large 
voltages which are regularly observed in these phenomena. In 
this manner we are able to deduce from Figs. 2, 3, 4 and 5 of my 
paper that the system capacitances associated with these phenom- 
ena are relatively large, for, in those illustrations the voltages 
pass abruptly through zero to their reversed values at each 
saturation. Of course there may be, and undoubtedly are, minor 
saturations occurring in such an irregular process which do result 
in reversed voltages hovering around zero for a time, but these 
minor saturations are incidental to the main process. The 
magnitude of the reversal depends almost entirely upon how far 
the voltage must drop to reach zero after saturation sets in. 

C. T. Weller: In regard to Mr. Edson’s question, the con- 
nection mentioned in his first two items is referred to in the first 
paragraph of the paper and also under the section ‘‘Secondary 
Connections.”” The performance of two potential transformers 
connected L/N is indicated in Fig. 16, which is supplemented 
by Table VI and by a descriptive paragraph on page 315. Bush- 
ing potential devices consist primarily of two capacitances 
in series, the larger capacitance (and lower voltage) being 
shunted by a potential transformer; saturation in the L/N cir- 
cuit as a whole, therefore, is not involved, so the phenomena 
should not occur. 

Mr. LaPierre called attention to the erratic wave shapes 
and frequencies of the L/N voltages obtained during the start- 
ing transients leading to the temporary or sustained establish- 
ment of the phenomena, However, it would appear logical to 
assign a definite phenomenon letter or frequency to a particular 
half-eycle (or more) during the transient period, if such a phenom- 
enon or frequency were also obtained in sustained form under 
similar conditions. Since this was true in most eases, I assigned 
phenomena letters to transient approximations of sustained 
phenomena for convenience. In the few cases where the phenom- 
enon so designated was not obtained in sustained form, it is 
evident from the data that a modification of the circuit constants 
not then possible would have produced the phenomenon in 
sustained form. 

Until recently, there has been no special interest in the Y- 
connection of potential transformers, although a growing realiza- 
tion of its advantages for ground-protection schemes has led to 
its more extensive adoption. It was therefore in order to point 
out some of the disadvantages of the applications with grounded 
neutral to ungrounded systems, particularly since they did not 
appear to be generally known. The phenomena described in 
the paper first presented themselves as potential transformer 
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disturbances, which were quelled by the addition of suitable 
protective resistor burdens. It was not appreciated at the time 
that somewhat similar phenomena had been encountered pre- 
viously (with power transformers), so comprehensive tests were 
made; the essence of the data obtained is presented in the paper. 

Certain terms adopted in the paper might be considered for 
general use. The advantages of substituting “L/L” for line- 
to-line and ‘‘L/N”’ for line-to-neutral are self-evident. Also, 
‘broken delta’? implies a three-transformer connection with the 
secondary delta circuit either open or closed through a compara- 
tively high-impedance device; a differentiation from ‘closed 
delta’ and “open delta’”’ (for two transformers) is thus obtained. 

Figs. 2c and 2p and even 28 might be eriticized because dis- 
torted wave shapes or harmonics cannot be represented properly 
by means of vectors. However, unusual phenomena justify 
unusual treatment and it is believed that the figures convey a 
fair idea of the effects of neutral displacement on the L/N 
voltages. <A figure representing triple-frequency Phenomenon D 
was not included as this phenomenon was obtained only in tran- 
sient form with potential transformers, although the transient L/N 
voltage crests were definitely higher than for double-frequency 
Phenonenon B. Even in the somewhat special case with distri- 
bution transformers, D was obtained in semi-sustained form only. 
Also, a figure representing the well-known third-harmonic 
phenomenon, due to suppressing the corresponding harmonies 
of the exciting currents, was not included. The apparent 
disregard of the effects of this well-known phenomenon afforded a 
convenient means of introducing the less-known phenomena. 

The excellent reproductions of the oscillograms in the paper 
require no group comments when the sections are printed to- 
gether. However, it was not possible to print three or four 
sections together, so descriptive references in the text to wave 
shapes shown “‘at the right”’ of the oscillograms or ‘‘subsequently”’ 
should sometimes be interpreted as “‘below.’’ An inspection of 
the wave shapes of the ‘‘exciting”’ or line currents, which combine 
to form the neutral-to-ground current, and a consideration of 
the relative magnitudes involved will indicate why the phenom- 
ena were known from the first to be “saturation phenomena.” 

There are several points in the paper that require further 
emphasis. It should be noted that the phenomena are not 
characteristic of any particular ungrounded system or type of 
transformer. Phenomena B, C and D endanger the potential 
transformer themselves; B and D endanger other connected 
equipment also. All phenomena tend to cause incorrect syn- 
ehronizing and incorrect relay operation. 

The ‘‘General Recommendations”’ are intended as an approxi- 
mate guide in the application of Y-connected potential trans- 
formers. It should be noted that it is possible to obtain the 
phenomena below 50 per cent of rated voltage, but that such an 
occurrence in practise is extremely improbable. The L/N 
voltage rating referred to in Table IV and elsewhere in the paper 
covers a somewhat special design of transformer, which ean 
operate temporarily at L/L voltage in an emergency. 

In eonelusion, it is believed that a reasonably complete 
picture of the “saturation phenomena.”’ is presented for the first 
time. While a review of the companion papers will indicate 
that the theory is somewhat complicated, there is no question 
as to what should be done to prevent the occurrence of the 
phenomena. In all cases, adequate secondary protective 
resistor burdens only are necessary; the magnitude of these 
burdens is related to the rating of the potential transformers 
and to the flux density at which they normally operate. The 
paper will have accomplished its purpose if it contributes to a 
better understanding of the operating difficulties involved and 
so prevent the inadvertent application of grounded-neutral, 
Y-connected potential transformers to temporarily or perma- 
nently ungrounded systems. 
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Synopsis.—Audibility characteristics of the ear and the units 
used for measuring noise are briefly discussed. A theoretical inves- 
tigation was made to determine the different force components and 
other causes of transformer hum. Surface vibration measurements 
were made on transformer parts to determine the sources which 


cause noise in transformers and how these noise sources are affected 
by variations in operating conditions. Noise surveys were made to 
measure the range of intensities, the frequency characteristics and 
distribution of sound from transformers in service. The effects of 
substation acoustic conditions on noise distribution were investigated. 


ONSIDERABLE attention is being given to the 
reduction of unnecessary noises emitted by 
electrical apparatus. The scope of this paper is 

intended to cover the progress which has been made in 
the reduction of noise in power transformers. It repre- 
sents only a part of an extensive investigation which 
is resulting in quieter electrical apparatus. 

Practically all types of sound which cannot be classi- 
fied as speech or musical tones may be classified as noise. 
Since transformer noise sounds like a hum having a 
definite pitch, it may also be classified as a musical tone. 
This tone may not be objectionable for short periods of 
time but when it is heard continuously for long periods 
of time it may be objectionable to some people. 

The occurrence of sound involves the action of three 
elements,! the sound generator which is essentially a 
vibrating body, the transmitting medium and the sound 
detector. The vibrating body sends out simple har- 
monic pressure waves in all directions. _These waves 
are transmitted by the air (or other medium) which 
surrounds the vibrating body. If the ear is placed in 
the sound field so that it may be acted upon by the inci- 
dent pressure waves, the diaphram of the ear will be 
set in vibration by the alternating pressure. For a 
given frequency the apparent loudness is approximately 
directly proportional to the logarithm of the r.m.s. 
sound pressure. Fig. 1, which is the result of the work 
of Bell Telephone Engineers,? shows the maximum and 
minimum limits of audibility as a function of sound 
pressure and frequency. The minimum audibility 
curve is an average for many observers and corresponds 
to perfectly quiet conditions. If ordinary room noises 
were present, the lower audibility limits would be much 
higher than the values for this curve. Fig. 1 indicates 
that the ear is most sensitive to sounds having a fre- 
quency of approximately 3,000 cycles per second and the 
sensitivity decreases for sounds above or below this 
frequency. 
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In order to deal effectively with the noise problem, 
the sound analyzer developed by Mr. J. P. Foltz? was 
used in these investigations. The set‘ consists princi- 
pally of a set of amplifiers and filter circuits which can 
be set to eliminate all but a certain frequency. The 
noise to be analyzed is picked up by a microphone and 
passed through the filter circuits. The setting of the 
filter circuit condenser indicates the frequency of the 
sound to be measured, and a meter indicates the in- 
tensity of the sound at that frequency in dynes per 
sq. cm. One dyne per sq. cm. equals approximately 
0.00000035 Ib. per sq. in. Dynes per sq. cm. are abso- 
lute units which are independent of the local noise level. 
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Fie. 1—Maximuom anp Minimum Liawits or AUDIBILITY 
It is not desirable to make sound tests on comparatively 
quiet apparatus where the local noise level is high. 

This analyzer is independent of the human ear for 
comparing sounds with reference standards, and it 
leaves nothing to personal judgment or the imagination 
of an individual listening to a telephone receiver. 

A transformer has no rotating parts. An impulse 


from each half cycle results in a fundamental frequency 


-of vibration of 120 cycles (double vibrations per second) 


from a 60-cycle transformer. These vibrations usually 
originate in the core and coil structure and are trans- 
mitted by the oil to the tank where they are in turn 
passed on to the air. When it is necessary to measure 
mechanical vibration, a calibrated phonograph pickup 
may be substituted for the microphone, and the sound 
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analyzer can be used to measure the frequency and 
amplitude of vibration. Since the active area, the 
frequency and the amplitude of vibration are related to 
the total noise emitted by the transformer at that fre- 
quency, the vibration of the tank surface can be 
measured on the test floor when the corresponding 
limits of vibration are known for satisfactory quiet 
operation in service. 

A theoretical investigation was made to determine the 
different force components which might cause vibration, 
and to devise methods of dealing with each of these 
forces. 

1. The force between the winding and the core is an 
attractive force, but when solid insulation is wedged in 
between the coils and core, this force is not serious. 

2. There is an attractive force which acts at each 
joint of the core and tends to make the iron circuit 
continuous. This force is directly proportional to the 
cross section area and to the square of the magnetic 
density. 

3. There are forces of repulsion between parallel 
laminations of the core. This is explained by the fact 
that like poles are induced in adjacent ends of parallel 
laminations. 

4. There are electro-dynamic forces between the 
coils. These forces are attractive between coils of the 
same winding and repulsive between coils of different 
windings. These forces are proportional to the square 
of the ampere turns per group. 

5. In addition to the forces enumerated above, metal 
plates, tie rods, radiator tubes, structural steel parts, 
or other members may be resonant and serve as unex- 
pected sources of noise. These are sometimes very 
troublesome. It is very fortunate indeed, that power 
transformer tanks with large areas exposed for radiat- 
ing sound, usually have natural periods of vibration 
below 60 cycles. 

Some of the usual methods of obtaining quiet trans- 
formers consist of: (1) Using additional iron in the 
core in order to secure low magnetic density. This 
also means additional copper and a more expensive 
transformer. (2) Stiffening the bracing and sup- 
porting parts to reduce vibration and in some cases 
adding damping devices to change the natural period of 
vibration. (3) Adding cushions or padding between 
parts of the transformer. 

Surface vibration measurements were made on the 
core and coil parts of several different transformers to 
determine the sources of noise due to excitation voltage 
only. The mid point of the high-voltage winding was 
grounded and the transformer was excited at 60 cycles, 
with 100 per cent voltage on the low-voltage winding 
during these tests. Vibration amplitude measurements 
were also made on the parts involved at no load and at 
different voltages between 80 and 120 per cent of rated 
voltage. 

Vibration amplitude and frequency measurements 
were made on the tank surfaces of a number of repre- 
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sentative sizes of completely assembled transformers at 
no load and at different voltage values. Then tests 
were made to determine the effect of line voltage regula- 
tion on the amplitude of vibration and the correspond- 
ing sound intensity. Fig. 2 shows the results of some of 
these tests on a large transformer at the elevation of the 
center of the core. The locations of the points are indi- 
cated on the plan view at the upper left hand corner of 
the figure. These curves are approximately straight 
lines within the operating range of the transformer. 
This indicates that the component due to voltage regula- 
tion can be considered to be directly proportional to the 
per cent change in line voltage for the region where these 
curves are straight lines. The ratio varies with dif- 
ferent designs but it is usually of the order of 30 per 
cent change in sound intensity for 10 per cent change in 
primary voltage at no load. 

Tests were made on the core and coil parts of a trans- 
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former to determine the characteristics of the parts of 
the transformer which serve as sources of noise due to 
load currents in the windings. These tests were made 
with one winding short-circuited and with sufficient 
voltage impressed on the other winding to obtain the 
desired values of load current in the windings. Vibra- 
tion amplitudes and frequency measurements were 
made for each load condition. Similar tests were made 
on completely assembled power transformers and sur- 
face vibration measurements were made on the tank 
and other exterior surfaces. The curves of Fig. 3 show 
the effect of load current on the amplitudes of vibration 
of four representative points at different elevations on 
the side of a large transformer. It can be observed 
that the amplitude of vibration varies approximately 
as the square of the load current. 

Tests at varying frequency were not made on large 
power transformers on account of the inconvenience of 
obtaining sufficient power at adjustable frequency. 
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Such tests are useful for determining resonant frequen- 
cies of various parts but they do not represent operat- 
ing conditions on a constant frequency system. 
Frequency analyses were made of points of maximum 
amplitude of vibration, with the transformer operating 
at rated frequency. Fig. 4 is a frequency analysis of 
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Fig. 


vibration of the point of maximum amplitude of vibra- 
tion of a 60-cycle transformer at 100 per cent voltage 
and noload. Fig. 5 is a frequency analysis of the same 
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point with the transformer at 150 per cent load current 
but without excitation. 

It is interesting to note that different harmonic fre- 
quencies are present during the two conditions. This 
is evidently due to different parts of the transformer 
being affected by the load and the excitation com- 
ponents. All of these harmonic frequencies are exact 
multiples of the 60-cycle power frequency. The test 
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range included frequencies up to 3,000 double vibrations 
per second but no frequenciesabove 600 doublevibrations 
per second were noted. 

The vibration amplitudes of this transformer at fre- 
quencies above the fundamental 120 cycles are so small 
that they can be neglected. There have been a few 
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cases, however, where harmonic frequencies were 
appreciable and it was necessary to weigh them in pro- 
portion to the audibility curve of Fig. 1. 

Noise surveys were also made to measure the range 
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of intensities, the frequency characteristics and distri- 
bution of sound from power transformers in actual 
service. 

Complete vibration measurements were made of the 
tank surfaces of each transformer where sound measure- 
ments were made, in order to obtain data on the relation 
of vibration of the tank surface to the sound given off 
by the transformer. 

Fig. 6 shows the vibration of the tank wall of a 60- 
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cycle transformer at 97 per cent voltage and 41.6 per 
cent load. The curve is plotted in polar form with 
reference to the tank wall and at greatly enlarged scale 
in order to show the distribution of vibration. 

Fig. 7 shows the distribution of the sound intensity of 
the 120-cycle fundamental note measured at a distance 
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Fie. 7—DistrrisutTion or 120-Cyctr Sounp INTENSITY 
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of 10 ft. from the tank wall. There is a marked simi- 
larity between the distribution of vibration amplitude 
and the distribution of sound intensity. The sub- 
station structures at the upper left hand corner account 
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for the sound distribution in this region and the wind 
blowing from the direction indicated in the figure 
accounts for the increased sound intensity in the lower 
left hand region of the figure. 

Fig. 8 shows the distribution of sound at 120 cycles 
measured at a distance of 20 ft. from the transformers 
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of Fig. 9. Since there are two transformers in this 
station, lines are drawn to connect the two transformers 
and the resulting area is treated as the noise source. 
The curve is plotted similar to polar form with reference 
to the tank wall and the two connecting lines described 


above. Ata distance of 20 ft., the average intensity is 
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1.142 dynes, the minimum intensity is 0.48 and the 
maximum intensity is 2.06 dynes per sq.cm., or a 
maximum to minimum ratio of 4.3 to 1. Reflections 
from the substation building and the neighboring 
garages are evident. The effect of wind is also evident 
in the upper right hand corner of the figure. 

Curve 1 of Fig. 9 shows the distribution of the 
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vibration up the north side of the north transformer, 
and curve 2 shows the condition on the south side of the 
south transformer. Both transformers are large three- 
phase units and the load conditions are approximately 
97 per cent voltage and 83.6 per cent load. 

Curve A of Fig. 10 shows the distribution of vibration 
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up the nearest side of the transformer of Fig. 11. Since 
this is an unusually quiet transformer, the amplitudes 
are plotted to a larger scale. It is also of interest to 
note that the difference between curves A and B of 
Fig. 10 indicate a possible further reduction which can 
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Fic. 11—DiIstrinutTion or Tank WALL VIBRATION AND 
DISTRIBUTION OF 120-CycLE SouND Pressure AT 42 IN. FROM 
Tank WALL 


be accomplished by removing the steel plates which 
brace the core and coils to the tank wall. This prac- 
tise is not generally recommended except in cases where 
the transformer will not be moved before the oil is 
lowered and the steel plates replaced. 

Another interesting illustration of the effects of the 
acoustic conditions at the substation is given in Fig. 11. 
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Fig. 12—DistriputTion or 120-CyctzE Sounp PRESSURE 
Across THE OPEN S1pDE or A TRANSFORMER COMPARTMENT 


A smooth finish plastered wall was located diagonally 
as shown on the upper side of the figure and a hard sur- 
face wall of steel plates was located symmetrically on 
the opposite side of the transformer. The inner curve 
shows the distribution of vibration of the tank wall at 
120 cycles and the outer curve shows the distribution of 
the intensity of sound at 120 cycles, and at a distance of 
42 in. from the tank wall. Both curves are plotted 
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similar to polar form with reference to the tank wall. 
The average 120-cycle intensity is 0.885 dynes per sq. 
em. The maximum is 0.685 and the minimum is 0.31 
or a maximum to minimum ratio of 2.2 to 1. 

After the sound measurements for Fig. 11 were com- 
pleted the transformer was deenergized, and the room 
120-cycle noise levels at 42 in. from the two ends of the 
transformer, were found to be 0.152 and 0.162 dynes 
per sq. cm. respectively. This indicated that approxi- 
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mately one-third of the sound curve of Fig. 11 repre- 
sented external noise which did not come from the 
transformer. 

The distribution of sound at 120 cycles measured 
across the open side of a compartment 32 ft. wide and 22 
ft.deep is shown in Fig. 12. Thethree walls weresmooth 
surface brick with a glass window and glass door into 
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the substation building which formed the rear wall of 
the compartment. The 120-cycle sound intensities at 
the curb on the opposite side of the street, (approxi- 
mately 50 ft.) were 0.0497 and 0.0416 dynes per sq. cm. 
opposite the left hand and right hand walls respectively. 

Fig. 13 is a vibration analysis at the midpoint of the 
tank wall nearest to the open side of the compartment 
and Fig. 14 is a sound analysis at the center of the open 
side of the compartment. 
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Fig. 15 is a sound analysis made at a distance of 10 
ft. from the drain valve of a transformer. When the 
distance was increased to 50 ft. from this transformer, 
the sound inténsity was only 0.05 dynes per sq. cm. 
at the fundamental 120 cycle note and no higher fre- 
quencies could be detected. 

On account of the very nature of a transformer, it 
will always have some hum, but this hum can be re- 
duced for operation near hospitals or in residential 
districts. A quiet transformer is really a relatively 
quiet transformer. Part of the noise can be eliminated 
by adding refinements at a slight increase in cost and 
each further reduction in noise is obtained at the ex- 
pense of more material and additional cost. The 
conditions are similar to obtaining high efficiencies, 
first by refinements to reduce the stray losses and 
finally by working the materials at lower densities to 
obtain the economical balance between the additional 
cost and the value of reduced losses. 

These and other investigations also indicate that the 
sound intensities are not equal in all directions from the 
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transformer. Reflections from local objects near the 
substation cause wide differences in intensity at different 
points near a transformer, although at equal distances 
from the tank wall. The acoustic conditions at the sub- 
station can make a'relatively quiet transformer appear 
to be noisy. For example, two converging walls or a 
corner can give directional effects similar to a megaphone. 
Some foundations, walls or objects can act as sounding 
boards. Oil lines, conduits or particularly sheet metal 
parts at the installation may have resonant frequencies 
which may cause them to emit noise. 


If sufficient area is used to prevent crushing, cork 
pads are effective under transformer tanks in indoor 
vaults. Arbors, hedges, shrubbery and trees are very 
effective for absorbing sound from outdoor substations. 


CONCLUSION 


In addition to critical vibration frequencies of various 
metal parts, there are two distinct components which 
cause noise in power transformers. The load com- 
ponent varies as the square of the load current; the 
excitation component varies approximately 3 per cent 
for each per cent change in line voltage within the usual 
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operating range, but this ratio and the proportions of 
load component to excitation component vary with 
different designs. 

The surveys provide considerable advances in the 
knowledge of power transformer noise characteristics 
and magnitudes. The sound intensities are not uni- 
form in all directions from a transformer, and the acous- 
tic conditions at the substation play an important part 
in the final distribution of the sound. Our knowledge 
of this problem has not reached the stage where we can 
definitely predict in advance the sound emitted by a 
transformer, particularly since surrounding conditions 
are so important. Tools and methods have been de- 
vised for making further progress. 
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Discussion 


F. W. Gay: The question of noise as related to electrical 
equipment is becoming of increasing importance and methods of 
reducing noise, or eliminating noise, will in the future receive 
correspondingly increased consideration. Mr. George does not 
bring out one very important point regarding the question of 
noise in electrical.equipment; this point is the time element. 
During busy periods of the day and early evening, noise in 
electrical equipment is by no means as objectionable as during 
the quiet hours of the night. Fortunately the loads on electrical 
equipment during the quiet hours are relatively light and this 
fact at once suggests the advisability, if practicable, of lowering 
the densities at which materials are working during these light 
load periods. 

A method which would seem practical if switching schemes 
were properly worked out, would be that of operating the 
transformer windings in series during light load periods, and in 
multiple during heavy load periods. As an example of such opera- 
tion, if it be assumed that the transformer illustrated in Fig. 2 
of the paper is operating at a core density of 11,000 gausses, 
a reduction to 7,500 gausses would represent a reduction to 
less than 70 per cent of normal density. Such a reduction, 
according to the curves shown in Fig. 2, would reduce the noise 
to very nearly the vanishing point, while the noises due to load 
as shown in Fig. 3 would not’be serious during light load periods. 

Now, if a transformer were designed for 7,500 gauss operation 
at light load with windings in series, and 15,000 gauss at heavy 
load with windings in parallel, such a piece of equipment would 
have an increased capacity of approximately 36 per cent’ and 
would only need to be operated in multiple for a few hours per 
day, or perhaps not at all for long stretches in the summer time 
when loads are generally light and noise is very objectionable. 

A transformer designed for such series multiple operation could 
be operated to give a much higher average efficiency as well as 
very little noise during light load periods, and would have the 
added advantage of greatly increased overload capacity during 
periods of emergency. 

Another method of practically eliminating noise would be to 
fully enclose the electrical equipment in noise-proof compart- 
ments and, in the case of transformers, resort to cooling by 
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radiators placed on the roof, using a volatile fluid to carry the 

heat from the transformer oil to the radiators on the roof. 
Such methods of carrying off heat have been used heretofore 
but have proven impractical by reason of the fact that the heat 
was dissipated from the radiators at only one temperature. It 
is suggested that several bodies of volatile fluid be used, each 
sealed separately from the others. One such body of volatile 
fluid may absorb heat at a high temperature from the oil at the 
top of the transformer tank and dissipate such heat from a radia- 
tor system on the roof at a corresponding high temperature while 
another body of volatile fluid may absorb heat from the oil at the 
bottom of the transformer tank at a low temperature and dissi- 
pate such heat from the radiator located on the roof at a cor- 
responding low temperature. 

A very great advantage can be obtained in the use of 
such a system of cooling, inasmuch as the radiator system 
dissipating heat at a high temperature need not receive air 
warmed by previous cooling operations as is necessarily 
so when the radiation devices are located around the trans- 
former, and of necessity those radiation devices located at the 
top of the tank and adapted to radiate heat at a high temperature 
are bathed by hot air which has previously setved to cool the 
lower portions of radiating surface which are radiating at a lower 
temperature. 

This paper represents one of the first steps, which must be 
followed by practical design changes before the manufacturers 
ean produce electrical equipment adapted to meet the probable 
exacting demands of the future. 

Design changes should, if possible, be made in such a manner 
that not only will the noise be reduced, or eliminated, but other 
advantages will accrue which will at least in part compensate 
for the increased expense involved. 

It would appear that there are many ways of reducing noise, 
some of which if properly worked out will produce equipment 
having better average efficiency, greater maximum capacity, 
smaller floor space dimensions, etc. These will go a long way to 
compensate for other disadvantages which must necessarily 
follow in departing from a design which has been so well worked 
out as the present oil-immersed self-cooled transformer. 
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W. W. Edson: As mentioned in the paper the noise from 
power transformers adjacent to a building is frequently quite 
troublesome, especially in a residential neighborhood. One 
solution which still appears to be satisfactory after several years’ 
service places the transformers in a pit in front of the station. 
The noise is reflected upward and is not noticeable to the resi- 
dents aeross the street. 

R. B. George: The condition Mr. Gay calls the time element 
is really the combination of light load and a slightly higher 
voltage applied to the transformer terminals due to lower voltage 
drop in the line between the generating station and the trans- 
formers. The noise due to load current, illustrated by Fig. 3, 
is usually negligible for this condition. The effect of increased 
voltage, illustrated by Fig. 2, causes a slight increase in sound 
intensity from the transformer. When the traffic noise ceases 
in the vicinity, it may be possible to hear the transformer. 
Equipment for changing transformer taps under load can be 
used to control the voltage delivered to the transformers to 
obtain noise reduction by taking advantage of the characteristics 
illustrated in Fig. 2. 

Both of the schemes described by Mr. Gay should be effective 
for reducing noise, but the writer favors simplicity in the ap- 
paratus and giving more attention to the acoustic conditions at 
the substation. Mr. Edson’s scheme of placing the transformer 
in a pit should be effective. When this scheme is used, there 
should be no roof above the pit. There is, however, a possibility 
of the building walls at the sides above the pit serving as reflec- 
tive surfaces which may reduce the effectiveness of a shallow pit. 
When a transformer is placed in a pit, it may be necessary to 
provide additional ventilation for cooling. 

I wish to add that felt, cork, and other sound absorbing ma- 
terials which are effective at frequencies above 500 cycles are 
not very effective for absorbing the low frequency 120-cycle 
note of a 60-cycle transformer. , 

One of the most effective schemes known to the writer consists 
of building four walls of either asbestos board, cork, pressed 
fiber board, or preferably more substantial material built similar 
to a chimney, extending to several feet above the top of the 
transformer, and serving to direct the sound upward. 
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Synopsis.—This paper describes short-circuit tests which were 
made on a large power system under normal load conditions, in order 
to ascertain the operating characteristics of the system and the 
turbine governors during system disturbances. The introduction 
gives a brief description of the main features of the station and the 
connected system, a statement of the tests, and a list of the major 
conclusions. Part I covers the short-circuit tests on the system to 
determine the stability limits. Part If describes the load transfer 
and short-circuit tests to produce “‘governor pumping.” Part ILI 
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deals with the short circwits which were made to investigate the effect 
of a special valve mechanism on the stability limits. Part IV 
contains a discussion of miscellaneous tests, data, and general 
comments. In appendixes A and B, a detailed description of the 
system station and test equipment is given with estimates of the 
stability limits and short-circuit currents to be expected. Appendix 
C deals with the theory of the change in speed of a rotating body for 


a given energy differential. 
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INTRODUCTION 


N the past few years, the amount of analytical and 
| test work on system disturbances and stability has 

increased tremendously, but very little of this 
theoretical or practical activity has dealt with the 
operation of steam turbine governors. Therefore when 
field tests appeared advisable to determine the cause 
of trouble evidenced by overspeeding and consequent 
tripping of the emergency overspeed governors on the 


Intercepting valve 


Reheat boiler 


Fic. 1—ScuHEeMATIC DIAGRAM OF PIPING AND VALVES OF STANTON 
TURBINES : 


two 50,000-kw. single-cylinder reheat type turbines at 
the Stanton Steam Plant during the lightning seasons 
of 1928 and 1929, this opportunity was used to make a 
thorough investigation of the operation of turbines 
during system disturbances. 


This plant is located near Pittston, Pa., and is jointly 
owned by the Scranton Electric Company and the 
Pennsylvania Power and Light Company. The steam 
connections and valves of the turbine are shown 
schematically in Fig. 1. All governing is normally 
done by the main control valve at the first stage of the 
turbine. Each generator has its own transformer bank 
and 66-kv. bus. Power is normally supplied by genera- 
tor No. 1 to the Scranton Electric Company, and by 
generator No. 2 to the Pennsylvania Power and Light 


*General Electric Company, Schenectady, N. Y. 

+American Gas & Electric Company, New York. 

Presented at the Southern District Meeting No.4, of the 
A. I.E. E., Louisville, Kentucky, November 19-22, 1930. 


Company. The 66-ky. buses are tied together by a 
bus-tie reactor. Due to this reactor, generator No. 1 
tends to swing with the Scranton Electric system and 
generator No. 2 with the Pennsylvania Power and 
Light system. 

Fig. 2 and Fig. 3 show a one line diagram of the two 
systems and of the stations respectively. Further de- 
tails of the system, station, and test equipment will be 
found in Appendix A. 

More than fifty tests were made during this investi- 
gation, which was started in July 1929 and continued 
over a period of several months. 

The decision of an operating company to make tests 
involving major system disturbances is based on the 
reasoning that such disturbances are a recognizable part 
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of normal operating experience and that these dis- 
turbances must be understood in order to insure safe 
and intelligent operation of any system. The best 
method for obtaining this information quickly is by 
actually carrying out a set of previously planned tests 
that will duplicate normal conditions. 


GENERAL SUMMARY OF RESULTS 


The results obtained shed additional light on some 
phenomena which have occurred during system dis- 
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turbances and lead to the following general conclusions: 

1. It is possible for a generator to lose synchronism 
and pull back in again without giving any conclusive 
evidence in the control room or at the turbine that 
such a change has occurred. Graphic charts and indi- 
cating instruments are not fast enough to indicate 
out-of-synchronism conditions reliably. Thus, this con- 
dition occurs far oftener than has been generally 
appreciated. 


2. Cases of sustained system oscillation, or surging, 
seldom occur unless some generator, or group of genera- 
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tors, loses synchronism. Any oscillation resulting from 
a disturbance that is not sufficiently severe to cause 
loss of synchronism quickly dies out, due to the in- 
herent system damping. 

3. Governors properly designed and adjusted will 
not contribute to any system oscillation as long as 
synchronism is maintained. When out of synchronism, 
however, the governor attempts to follow the speed 
change as the generator slips poles, and the result is a 
“pumping” phenomenon familiar to many station 
operators. This pumping action is a result rather than 
a cause of a sustained oscillation and is to be expected 
when the generator and the system are out of step at a 
certain slip frequency. It will cease if the generator 
pulls back into synchronism. 


4. Thespeed of the turbine when out of synchronism 
is determined by the regulation of the governor and the 
induction generator characteristics of the generator. 
The average output during this period may be an 
appreciable portion of the output before loss of syn- 
chronism. 

5. In these tests the short circuits resulted in con- 
siderable reduction in the kilowatt output of the gen- 
erators with consequent overspeeding and loss of syn- 
chronism. Special valve equipment for quick reduc- 
tion of steam input following a sudden drop in gener- 
ator output will increase the stability limits. Under 
certain conditions it may be of considerable benefit in 
maintaining stability, but under other conditions the 
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equivalent improvement in stability may be better 
obtained by other means.* 


Part I 
STABILITY Limits DuRING System SHorT CiRcuITS 


Some preliminary tests were made by dropping and 
picking up load on one of the turbines to be sure that 
the governor and all other equipment was functioning 
correctly under normal conditions of system operation; 
these tests did not indicate anything erratic in the 
operation. 

As short circuits were to be placed on one of the lines 
to the Scranton Electric Company from the 66-kv. bus 
supplied by generator No. 1, calculations were made to 
determine the magnitude of the fault currents and the 
stability limits of the system under short-circuit condi- 
tions. Fig. 4 shows the results of these preliminary 
calculations, which indicated that the system would be 
stable with a one-conductor-to-ground short circuit, but 
unstable with a two-conductor-to-ground short circuit, 
when the generator was carrying full load. These 
calculations also showed that if the load on the genera- 
tor was reduced to 25,000 kw. and the short circuit was 
cleared in less than 34 second, the system would be 
stable. The tests verified the calculations. For fur- 
ther discussion of the basis of these calculations, refer 
to Appendix B. 

Test No. 11. The first short-circuit test consisted of 
a single-conductor-to-ground short circuit on the 66-kv. 
bus associated with generator No. 1. The auxiliaries 
for No. 1 turbine were supplied from the station trans- 
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former bank instead of from the house generator on this 
turbine, so that the full electrical output of the turbine 
would be effected by the short circuit. The voltage 
regulators on the main generators were left in service. 
Fig. 5 shows the resultant kilowatt swing in the output 


*Such special valve equipment will vary in complexity with 
the size and type of the turbine and may be considered inad- 
visable for certain types. Its application to existing turbines 
may require a redesign of the valve controlling mechanism and 
the oil pressure system in order to get the necessary valve closing 
time of 4 to 4 of the time at present required for normal 
governor operation. This equipment performs a function 
entirely different from that of the turbine speed governor and 
is not to be considered as a necessary adjunct to it. 
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of this generator. There was practically no movement 
of the governor beam during this short circuit and 


consequently no change in the steam input to the tur-. 


bine. It should be noted that the inherent system 
damping caused the oscillation of the generator to die 
out very quickly. The short circuit caused a momen- 
tary reduction from 38,000 kw. to 25,000 kw. in the 
output of the turbine. 

As predicted by the calculations and evidenced by 
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this test, a much more severe short circuit would have 
to be imposed on the system in order to produce the 
instability of generator No. 1 which had been experi- 
enced during lightning conditions. All the following 
short-circuit tests were, therefore, two conductors to 
ground. 

Test No. 12. Fig. 6 shows the record obtained from 
the next short-circuit test. The output of generator 
No. 1 was reduced from 40,000 kw. to 22,000 kw. and 
the generator pulled out of synchronism with the rest 
of the system before the short circuit cleared, but 
generator No. 2, which was carrying a load of only 
31,000 kw., did not pull out of synchronism. Generator 
No. 1 increased in speed until it tripped the emer- 
gency overspeed governor at 1,960 rev. per min., shut- 
ting off all steam input to the turbine The turbine 
then drifted down to normal speed and pulled into 
step with the system 51% seconds after the short circuit 
occurred. 

There was very little reduction in steam input 
to the turbine until the emergency overspeed gov- 
ernor operated and closed both the throttle and in- 
tercepting valves. This was due to the stored energy 
in the reheat boilers and piping, and would not be true 


for an ordinary single-cylinder, non-reheat type of - 


turbine. The results obtained from this test were 
exactly analagous to those previously experienced dur- 
ing lightning storm conditions. The indicating meters 
on the control board swung violently during the first 
one or two seconds of the disturbance, and again as the 
machine pulled into synchronism. During the inter- 
mediate time, the slip frequency was so high that the 
indicating instruments could not follow the changes. 
The entire disturbance was over in six seconds with 
nothing to indicate to the operator, except the tripped 
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emergency overspeed governor, that the turbine had 
been out of step with the system. 

A graphic voltage recorder with high-speed feature is 
normally used to record transient disturbances on this 
66-kv. bus. The chart obtained from this instrument 
during this test is shown in Fig. 7A. Fig. 7B was 
obtained during a lightning storm when the emergency 
overspeed governor operated. The exact similarity of 
these charts indicates that the conditions existing dur- 
ing this test must have closely approximated those 
experienced during the storm disturbances. The volt- 
age chart obtained from the graphic recorder should 
also be compared with the voltage chart shown in Fig. 
8, which was taken during this test by means of a high- 
speed photographic recorder. This later type of 
instrument gives a true picture of the voltage conditions 
and the comparison illustrates the limitations of graphic 
instruments as recorders of fast transient phenomena. 
Another chart which was taken during test No. 34 by 
this graphic instrument is shown in Fig. 7E. This 
chart indicates a bad voltage disturbance followed 
by a period of low, slightly fluctuating voltage. Actu- 
ally, the generator was out of step with the system, 
and voltage variations were about the same as shown 
in Fig. 8 obtained by the photographic recorder. Con- 
siderable caution must therefore be used in interpreting 
system disturbances from such graphic charts. 

Test No.13. Calculations had indicated that genera- 
tor No. 1 would be stable with loads up to 25,000 kw., 
and a two-conductor-to-ground short circuit duration 
of less than 34 second. A two-conductor-to-ground 
short circuit was thrown on the system with a 25,000 
kw. load on generator No. 1, but due to the relay 
setting which kept the short circuit on for 1.7 seconds, 
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the generator again went out of synchronism but did 
not trip the emergency overspeed governor. Genera- 
tor No. 2 being heavily loaded, 43,000 kw., lost syn- 
chronism with the rest of the system and tripped the 
emergency overspeed governor. Violent oscillation of 
the governor beam of generator No. 1 occurred before 
it resynchronized, but unfortunately, the oscillograph 
films had run through before this oscillation took place 
and no record of it was obtained. 

Test No. 14. The relay setting was changed to 
reduce the short circuit time to 0.65 seconds and the 
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short-circuit test was repeated. Fig. 9 shows the 
resultant kilowatt swing of generator No. 1. The 
system was stable and there was very little movement 


Test No.12 


55h uA A Ni 
Amp. (nN 


A Fra eceonigi marae! 
2 Ground Current 
; He? 


(66 Kv) Volts I-N 
66Kv. 


os S Madi. 
(66 Ky.) Volts 3-N 
— 1Sec. 


Fig. 8—Tersr 12. Grounp Current AND VOLTAGE ON 
Scranton Exvecrric Co. 


66-kv. bus at Scranton obtained by high-speed photographic recorder, 
Compare B and C with Fig. 74 
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of the governor beam, consequently, no change in the 
steam input to the turbine. Fig. 7c shows the graphic 
voltmeter chart made during this test and Fig. 
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7D a very similar chart obtained during a lightning 
storm. These last two tests illustrate the value of 
fast clearing of the short circuit. 

Test No. 23. After obtaining longer films for the 
oscillographs, another test was made under the same 
load and short-circuit conditions as in Test No. 18. 
Fig. 10 for this test shows that both generators were 
out of synchronism not only with the system but also 
with each other. This is evidenced by the uneven 
peaks in the curve showing the kilowatt output of 
generator No. 1. 

From this group of tests it is evident that generators 
lose synchronism for a brief time and then pull back 
into step again without giving evidence of this change, 
except by the magnitude of the disturbance; and also 
that system disturbances sustained after short circuits 
have been cleared are caused by loss of synchronism. 


Part II 
GOVERNOR PUMPING 


Load Transfer Tests. Several operating companies 
have reported that during certain system disturbances 
the governor beams of their turbines have oscillated, 
and that this oscillation has continued for 2 or 3 min- 
utes, or until some means was taken to correct the 
condition, such as holding the governor beam, or dis- 
connecting the turbine from the system. This phenom- 
enon has generally been termed “‘governor pumping” 
and should not be confused with governor hunting which 
is a slow periodic movement caused by lag of the valve 
behind the governor. 


Inasmuch as very little adequate data were available 
on governor pumping and due to the fact that it had 
appeared in test No. 13, it seemed advisable to attempt 
its reproduction for the purpose of recording and 
analyzing this disturbance. 

Load transfer tests were first made to determine if 
governor pumping could be produced by a disturbance 
of a minor magnitude. In these tests the 66-kv. tie 
from Suburban to Wallenpaupack was opened leaving 
the Scranton Electric system entirely free from the 
other system except for the 66-kv. tie through the bus 
reactor at Stanton. The first tests were made by 
operating generators Nos. 1 and 2 at various loads so 
that initially power was transferred across the 66-kv. 
bus tie. With this arrangement, by opening the bus 
tie breaker it was possible to suddenly increase or 
decrease the load on generator No. 1 as much as 20,000 
kw., but it was impossible with any of these load 
transfer tests to obtain any sort of sustained oscillation. 

Next, a test was made to see if it were possible to 
start a sustained oscillation by suddenly disconnecting 
the generators from all loads but not from each other 
when they were carrying unequal portions of the load. 
Generator No. 1 was loaded to 30,500 kw. and No. 2 
to 10,000 kw., and then the oil circuit breaker to the 
load was tripped. Generator No. 1 dropped to 5,000 
kw. load as a generator and No. 2 took 5,000 kw. asa 
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“motor; the two generators increased in speed until 


they tripped the emergency overspeed governors. No 
oscillation of any magnitude was obtained either in the 
kilowatt output of the generators or in the movement 
of the governor beams. 

In another test the governor beam was slowly pressed 
down until the load on generator No. 1 was reduced 
from 40,000 kw. to 22,000 kw. The governor beam 
was then released and the generator picked up its 
previous load of 40,000 kw. without any appreciable 
oscillation of governor beam or kilowatt output. 

From this series of tests, it was concluded that it | 
would be impossible to set up a sustained oscillation in 
the governor equipment without a much more severe 
system disturbance. Therefore, two-conductor-to- 
ground short circuits were then made in an effort to 
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reproduce the pumping previously noted in test No. 138. 
While these tests were successful in reproducing the 
phenomenon, the best record was obtained in testing 
the special turbine valve equipment discussed in Part 
III. The records from test No. 34 are therefore used as 
a basis for the following analysis of governor pumping. 

Test No. 34. This was a two-conductor-to-ground 
short circuit test in which the generator lost synchro- 
nism but did not trip the emergency overspeed governor 
so that the speed governor still controlled the steam 
input. The reduction in the generator output due to 
the loss in synchronism coupled with ‘the normal speed 
regulating characteristics of the governor resulted in a 
sustained prime mover speed above that of the system. 

Fig. 11 shows the results of this test. During the 
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first 2.5 seconds the movement of the main control 
valve was controlled by an auxiliary pilot valve which 
was being used in a preliminary form in an attempt to 
keep the turbine in synchronism; this pilot valve, how- 
ever, had no effect on the governor or control valve 
after this initial period. Seven seconds after the short 
circuit occurred the governor mechanism started to 
oscillate at a period coinciding exactly with the kilowatt 
oscillation of the generator. The speed curve shown isa 
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composite curve, composed of an average speed curve 
obtained from the oscillograph record, and a super- 
imposed speed change calculated from the output of the 
generator and added to the average speed curve. 
From this composite curve it can be seen that if the 
governor follows the speed of the turbine it must 
alternately open and close the control valve an ap- 
preciable amount. The curves show that the governor 
was doing its best to follow these speed changes, al- 
though with about a quarter second time lag, and was 
thus varying the steam input in accordance with the 
speed, which is exactly what a speed governor is de- 
signed to do. 

Fig. 12 shows the relation between speed and control 
valve position for this particular test. About 8 seconds 
after the occurrence of the short circuit, the speed of 
the turbine was approximately 1,860 rev. per min. with 
a periodic plus and minus speed variation of 15 rev. per 
min. This 30 rev. per min. speed change at the average 
speed of 1,860 rev. per min. calls for a control valve 
stroke of about 1.3in. Reference to Fig. 11 shows that 
the stroke of the control valve at this time was about 
1.3 in. and the average position was about correct for 
the average speed. 

During the interval from the third to the seventh 
second, the periodic speed change caused by the gen- 
erator slipping poles was so fast that it was impos- 
sible for the control valve to follow it. However, as 
soon as the average turbine speed came down to a 
point where the governor mechanism and control valve 
could follow the periodic changes in speed, the control 
valve started a pumping movement in which it assumed 
the proper position corresponding to the speed. This 
pumping of the governor beam was therefore a normal 
action and should be expected under conditions such as 
existed at the time of its occurrence. 
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Fig. 13 shows the speed regulation curve for the gov- 
ernor of this turbine at the load carried when this test 
was made. If the turbine was completely unloaded it 
would run about 5 per cent above the normal system 
speed. The figure also includes a curve showing the 
relation between speed of the turbine and the induc- 
tion generator output of the generator for the voltage 
conditions which existed on this system during this test. 
The point where the induction generator curve crosses 
the speed regulation curve determines the speed of the 
turbine and the load which it will carry when it is out of 
synchronism. The average output of the generator 
during the period covered by the curves was about 
13,000 kw. and the speed was about 3.3 per cent above 
normal. 

Due to the steam storage in the reheat boilers on this 
particular type of turbine, the oscillation of the main 
control valve had very little pulsating effect on the 
steam energy input to the turbine. This was evidenced 
by practically constant steam input pressure obtained 
on a pressure recorder at the eighth stage where steam 
is admitted to the turbine from the reheat boilers. 

During the period that the governor beam was oscil- 
lating in synchronism with the kilowatt oscillation of the 
generator, the speed of the generator was about 1.8 
cycles above the speed of the system. This represents 
a slip frequency of 108 cycles per minute. The natural 
period of oscillation of the governor weights and 
springs, without the frictional resistance of the pilot 
valve and oil system, is about 200 cycles per minute. 
Due to this difference in natural period of oscillation, it 
seems reasonably sure that the governor mechanism 
itself contributed nothing to the oscillation of the gover- 
nor beam and control valve. The speed change must 
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at least be considered the primary cause of the oscilla- 
tion or pumping. 

An effort was made to stop the pumping of the gover- 
nor beam by steadying it by hand; the oscillation 
itself was damped by this means, but the turbine did 
not slow down and resynchronize due to the fact that no 
reduction was made in steam admission. The turbine 
was finally pulled into synchronism with the system 
when the main throttle valve was closed by hand, 
allowing the turbine to come down in speed. Con- 
siderable oscillation had been noticed in the meantime 
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on generator No. 2 and it was removed from the system 
by tripping the generator oil circuit breaker. 

There are two ways of curing this governor pumping 
after it has once been started. The first method, which 
may be preferred in many instances, is to reduce the 
speed of the turbine so that it will synchronize with the 
rest of the system. The second method is to remove the 
generator from the system by tripping the generator oil 
circuit breaker. The operator in the switchboard 
gallery can apply the first method by operating the 
synchronizing motor on the governor spring, and the 
second method by tripping the generator oil circuit 
breaker. The turbine man can also apply the first 
method by tripping the throttle valve. This valve, 
however, should be reopened the instant the generator 
pulls into synchronism to avoid burning the turbine 
blades. As the turbine speed will decrease rapidly 
when the throttle valve is closed the generator will 
usually resynchronize by the time the turbine man is 
ready to reopen this valve. 


Previous investigations of this peculiar governor 
pumping have shown that it was apparently possible 
to damp out such an oscillation during some tests by 
merely introducing frictional resistance on the governor 
beam, but during other tests this frictional resistance 
method was not successful. In all previous investi- 
gations it has only been possible to set up governor 
pumping by some very severe system disturbance, 
which in all probability meant that the generator was 
out of synchronism with the rest of the system. The 
results of these previous investigations also suggest 
that the primary cause of such governor pumping is 
loss of synchronism and consequent periodic speed 
change of the generator involved as it slips poles as 
found in the tests made at Stanton. 


If the regulation of the turbine governor from no 
load to full load is small the slip frequency when the 
generator is out of step will be low, consequently a 
relatively long time is available to alternately store and 
take energy from the rotor. This will result in a large 
periodic change in speed at a low frequency which 
can be easily followed by the governor, and will cause 
the control valve to move over a wide range. If the 
regulation is increased the speed at which the turbine 
will run when out of synchronism will be higher, the 
slip-frequency between the generator and the rest of 
the system will be greater, and the speed change as the 
generator slips poles will be less. All of these factors 
tend to reduce the effect on the governor and make it 
more difficult for it to follow the periodic speed changes 
due to pole slipping. This may explain why it has 
apparently been possible to cure some cases of governor 
pumping by merely broadening the regulation range 
of the governor. 

Reducing the field of the generator as has been done 
in some previous tests, would also tend to reduce the 
magnitude of the periodic speed change as the generator 
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slips poles, and consequently reduce the effect on the 
governor. | 

From this series of tests the following facts seem to 
be evident: 

1. The turbine governors operate correctly under 
all normal conditions of load transfer and system dis- 
turbances as long as the generators remain in step with 
the rest of the system. 

2. Pumping of the governor mechanism occurs 
primarily because of a periodic change in speed of the 
turbine. ; 

3. Pumping of the governor mechanism may con- 
tinue indefinitely if the generator loses synchronism 
and the steam input is not cut off. 

4. Pumping will terminate if the generator is syn- 
chronized with, or segregated from, the system. Syn- 
chronization may be expedited by cutting off the steam 
input to the turbine so that its speed will be reduced 
and again match that of the system. 


Part III 
TESTS WITH SPECIAL VALVE EQUIPMENT 


In the previous short-circuit tests, all really severe 
system disturbances were accompanied by a: loss of 
synchronism of one or both of the generators. When 
the generator lost synchronism under light load con- 
ditions and did not trip the emergency overspeed 
governor, considerable oscillation, or pumping, of the 
governor beam was noted To prevent both the severe 
system disturbances and the pumping of the governor 
beam, it was evidently necessary to keep the generator 
in synchronism with the rest of the system. One solu- 
tion of the problem was, of course, to reduce the short- 
circuit time as shown by Tests Nos. 13 and 14. How- 
ever, it was quite doubtful that sufficient decrease in 
short-circuit time could be secured and selective relay- 
ing also maintained with existing system connections 
and equipment. Therefore, the possibility of holding 
this turbine in synchronism by rapid reduction of input 
steam following a system disturbance seemed in this 
case to justify investigation. A special power surge 
relay and a valve mechanism were therefore designed 
to shut off the steam input to the turbine by closing 
the main control and intercepting valves temporarily 
when a short circuit occurred. 

The power surge relay wasa three-phase wattmeter ele- 
ment arranged with a normally open pair of contacts 
which would not close for a slow change in power out- 
put of the alternator, but for a sudden decrease in the 
output would close quickly and then remain closed 
for a time proportional to the magnitude and duration 
of the power change. This measure of the reduction in 
the kilowatt output of the turbine determined the time 
that the steam valves of the turbine remained closed, 
and thereby reduced the steam input in proportion to 
the reduction in the output. The valves were then 
allowed to reopen and the turbine to resume the same 
load that it was carrying before the disturbance. 
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In order to obtain a fast reduction in steam input to 
the turbine it was necessary to operate both the control 
valve and the intercepting valve on the reheat loop. 
The control valve with its oil operating cylinder and 
pilot valve was not changed as it was found that the 
closing time of this valve was short enough to give the 
desired results due to the fact that there was only about 
25 per cent of the total turbine output under control 
of this valve during the first two seconds. A solenoid 
operated valve was added to the pilot valve to permit 
its control by the power surgerelay. This arrangement 
also provided for the necessary free control of the pilot 
valve by the operating governor under normal load 
conditions. 

The intercepting valve on the reheat loop, however, 
was found to operate too slowly. This necessitated a 
new valve cylinder with larger ports, and a stronger 
operating spring. A separate trip valve was in- 
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stalled, large enough to insure dumping of the operat- 
ing cylinder oil in the required time. This trip valve 
was also oil operated through a solenoid operated 
pilot valve. As originally designed the intercepting 
valve was given a long stroke to insure a small pressure 
drop through it, but while making these tests this stroke 
was reduced so that the steam flow was restricted as 
soon as the valve started to close. In this manner a 
closing time of about 14 second was obtained for these 
valves. 

Tests of the special valve equipment prior to these 
changes did not give the desired increase in stability 
due to the slow closing of the intercepting valve. 

Test No. 51. Tests Nos. 14 and 238, the results of 
which are shown in Figs. 9 and 10, respectively, were 
two short circuits with similar load conditions on the 
turbine, but with a different duration of the short 
circuit. These tests were made with standard governor 
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control equipment. In Test No. 23 both generators 
No. 1 and No. 2 lost synchronism with each other and 
with the rest of the system. 

Fig. 14 (Test 51) shows the results of a two-conductor- 
to-ground short circuit on the 66-kv. bus with the kilo- 
watt load on generator No. 1 the same as for Tests Nos. 
14 and 28, and the short-circuit time the same as for 
Test No. 28. The load on generator No. 2 was, how- 
ever, somewhat reduced from its previous load. The 
steam input curve on this figure shows how the high- 
speed valve mechanisms used in this test, but not in 
Tests Nos. 14 and 23, reduced the input so that the 
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generator not only did not lose synchronism with the 
rest of the system, but even drifted back in angle so 
fast that it was taking power as a motor when the short 
circuit cleared. 

Test No. 52. Another short-circuit test was then 
made with full kilowatt output from generator No. 1, 
but with the relay set so that the oil circuit breaker 
opened the short circuit in 0.33 seconds. Fig. 15 shows 
the results of this test. Note that the generator did 
not pull out of synchronism. 

Test No. 58. In order to see if the equipment would 
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hold the generator in synchronism irrespective of the 
duration of the short circuit, another test was made with 
full load on generator No. 1, but with the relay adjusted 
so that it cleared the short circuit in 1.78 seconds. 
The results of this test are shown in Fig. 16. The 
steam input for generator No. 1 is not available on 
account of faulty operation of some of the recording 
devices. Generator No. 1 pulled out of synchronism 
with the rest of the system, and after slipping 16 poles, 
pulled back into step again. A special asynchronous 
relay had been included in the test equipment so that if 
the generator did lose synchronism the steam valves of 
the turbine would be kept closed for 7 seconds before 
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Generator No. 1 unstable 
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they would reopen and enable the turbine to resume its 
full load. 

Although generator No. 1 pulled out of synchronism 
with the system during this test, it is felt that by a few 
further refinements in the relay and valve mechanism, 
it would be possible to keep this generator in synchro- 
nism with the rest of the system even for short circuits 
as severe as in this test. 

These tests evidence the possibilities of this method 
for improving system stability and indicate results 
which are comparable with those obtained by the use of 
the more commonly proposed means for attaining the 
same end. 

It should be borne in mind that the application of 
this scheme to certain complex types of turbines can not 
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always be economically justified owing to the large 
amount of supplementary control equipment required, 
and the unreliable operation which may ensue. 


TABLE I 
SUMMARY OF TESTS 


Initial load 


in mw. Duration 
of short Stability 
Test |Gen.|Gen.| circuit Valve of Fig. 
No. |No. 1|/No. 2} cycles control system No. Remarks 
il 38 30 100 Standard | Stable 5 1C. G. Fault 
12 40 31 100 Standard | Unstable | 6, 7,8} 2 C. G. Fault 
13 > 43 100 Standard | Unstable 2C. G. Fault 
14 25 43 39 Standard | Stable 9 2C. G. Fault 
20 35 43 ; Standard si: 20 Load Trans- 
fer Test 
23 25 43 100 Standard | Unstable 10 2C.G. Fault 
34 38 25 40 Semi- 
Special | Unstable | 7,11 | 2C.G. Fault 
50 35 20 Special . 20 Load Trans- 
fer Test 
51 25 31 98 Special Stable 14 2C. G. Fault 
52 44 20 19% Special Stable 15 2C.G. Fault 
53 45 20 106 Special Unstable 16 2C. G. Fault 
Part IV 


MISCELLANEOUS TEST DATA AND GENERAL COMMENTS 


Load Dropping Tests. A number of tests was made 
to determine the increase in speed of the turbine caused 
by the stored energy in the reheat boilers and piping. 
During these tests, all load on the house generator was 
removed so that the entire turbine load could be 
dropped by opening the main generator oil circuit 
breaker. 

With the reheat boilers in service, a load of 32,000 kw. 
was dropped causing the turbine to overspeed and trip 
the emergency governor. With the reheat boilers out 
of service it was possible to drop 31,500 kw. without the 
turbine speed becoming high enough to trip the emer- 
gency governor; but when 36,500 kw. was dropped, the 
emergency governor tripped at 1,955 rev. per min. The 
turbine speed increased to a maximum of 1,965 rev. per 
min. during this test. 

With the reheat boilers in service, one test was made 
by connecting the generators so that load was dropped 
from both generators, but the generators themselves 
were left connected together. Generators Nos. 1 and 2 
initially carried 30,500 kw., and 10,000 kw. respectively. 
Generator No. 1 continued to operate as a generator, 
driving generator No. 2 as a motor, and under these 
conditions, the machines overspeeded together and 
tripped both emergency governors. 

The standard governor was used in all these tests and 
it was found that the pilot and main control valves were 
very fast in following the movement of the governor 
beam. The pilot valve moved within 2 cycles and the 
main control valve within 4 cycles after the movement 
of the governor beam. The governor itself responded 
in two or three cycles to any change. 

Load Transfer Tests. Of the many load transfer 
tests made on the Stanton turbines, two were of out- 
standing interest in showing the effectiveness of the 
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special valve equipment. In these tests, system con- 
nections were such that the initial 35,000 kw. output of 
Generator No. 1 was divided, 11,000 kw. being sent 
through a long tie line by the way of Wallenpaupack 
to the Pennsylvania Power & Light Company, and the 
remaining 24,000 kw. being supplied direct to the 
Scranton Electric Company. The Scranton Electric 
breaker was then opened, forcing the entire 35,000-kw. 
output over the Wallenpaupack tie line. The kv-a. 
loading of this tie line was limited to 18,000 kv-a. by 
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relays at Wallenpaupack. For Test No. 20, Fig. 17, 
the turbine was equipped with a standard governor. 
After the breaker controlling the Scranton Electric 
load was opened, the generator load oscillated about an 
average output of 35,000 kw., until the breaker at 
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Wallenpaupack tripped on overload. In Test No. 50 
(Fig. 17), the same switching arrangements were used, 
but the turbine was equipped with special valve 
mechanism. In this test, the valves started to close as 
soon as the Scranton Electric breaker opened and the 
output of the generator was sufficiently reduced so that 
the breaker at Wallenpaupack did not open. 


Damping. The data on the Scranton tests also gave 


some indication of the change in damping of the genera- 
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tors with different values of resistance in the armature 
circuit. . 

Fig. 9 shows the damping of generator No. 1 with 
small external armature resistance. The amplitude of 
the oscillations of the generator decreases quite rapidly 
and after a few swings dies out entirely. Fig. 17 shows 
the oscillations of the same generator with considerable 
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external resistance in the armature circuit. The ampli- 
tude of the oscillations decreases quite slowly and indi- 
cates that under these conditions the generator damping 
was but slightly positive. These tests therefore indi- 
cate that damping in a synchronous machine decreases 
as the external armature resistance increases. 
Comparison of Tests.and Calculation. Many mathe- 
matical computations of system stability have been 
made but seldom has there been an opportunity to 
make actual checks on these calculations by applying 
short circuits to the system while it is in operation. 
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It is, therefore, interesting to compare the values ob- 
tained from the tests with values calculated for the 
same conditions. Such a comparison is given in Fig. 18 
which shows the relative angle between the two Stanton 
generators during a two-conductor-to-ground fault. It 
will be noted from this figure that the calculated curve 
has the same relative shape as the test curve and follows 
it quite closely, especially during the first swing of the 
generators. 

Calculations were also made to determine the increase 
in stability to be expected with the special valve con- 
trol mechanism. The curves shown in Fig. 19 show 
the angular change of generator No. 1 due to a two- 
conductor-to-ground fault with and without the special 
valve control equipment. These curves indicated that 
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generator No. 1 could be made to remain in synchro- 
nism with the system with the special valve control 
equipment. This was substantiated by test. 

Effect of Voltage Regulators. The main generators 
have direct-connected, self-excited, 250-volt excjters. 
The rate of exciter voltage build up at the voltage 
required for full load on the generator is 80 volts per 
second. The exciters are equipped with rheostatic 
type regulators. Records were taken of the generator 
field voltage and current, and the voltage across the 
regulator contacts during some of the short-circuit tests. 
These records show that the regulator attempted to 
maintain maximum field on the exciter throughout the 
disturbance, and that about 2.5 seconds were required 
to raise the exciter voltage from 175 volts to the exciter 
ceiling of 275 volts. Due to this slow build up of the 
exciter voltage, it is evident that the regulator had 
very little effect during the time the short circuits were 
on the system. 
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Appendix A 
DESCRIPTION OF SYSTEM, STATION, AND TEST 
EQUIPMENT 


Description of System. The Scranton Electric Com- 
pany and the Pennsylvania Power & Light Company 
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serve a considerable portion of eastern Pennsylvania. 
The Scranton Electric Company supplies power to the 
section in and around the city of Scranton. This is 
normally received from the Stanton Plant, and dis- 
tributed over the 66-kv. and 22-kv. networks. The 
Suburban Plant is located in the city of Scranton, and 
has an installed capacity of approximately 70,000 kv-a. 
This plant is not normally in operation, but was used 
during these tests to insure continuity of load supply. 
The 22-kv. network is normally fed through a 30,000- 
kv-a. transformer bank located at Suburban. 

The Pennsylvania Power & Light Company serves 
the section around Wilkes Barre, west as far as the 
Northumberland district, south as far as Harrisburg, 
and east to the Allentown district. The main generat- 
ing plants are Wallenpaupack, 40,000 kw., Hauto 
55,000 kw. and Pine Grove 55,000 kw. The trans- 
mission system is composed chiefly of 66-kv. lines. 

Fig. 2 shows the main transmission network of the 
two systems, unimportant portions shown only as 
equivalent networks, with the generating capacity and 
reactance of all lines and apparatus. The reactance 
values are all on a 50,000-kv-a. base. These two sys- 
tems have two interconnections, one, through a 66-kv. 
bus tie reactor at the Stanton Plant, and the other 
through a 66-kyv. line extending from Peckville (Scran- 
ton Electric Company) to the Wallenpaupack Plant 
of the Pennsylvania Power & Light Company. The 
line distance from Stanton to Wallenpaupack is 44 
miles; from Stanton to Siegfried, 37 miles; and the tie 
from Wallenpaupack to Siegfried is made by a 64-mile, 


220-kv. line. 


The Pennsylvania Power & Light Company has a 
low reactance tie to the Philadelphia Electric Com- 
pany by means of a 220-kyv. line from Siegfried to Ply- 
mouth Meeting. It also has 66-kv. ties with the 
Luzerne County Gas and Electric Company at Stanton, 
Wilkes Barre, and Berwick. This latter company 
has generating plants indirectly tied to Harwood with 
a total capacity of approximately 50,000 kw. 

Because of the bus tie reactor between the systems at 
the Stanton Plant and the 32-mile, high reactance line 
from Scranton to Wallenpaupack, there was a tendency 
for generator No. 1 and the Scranton system to swing 
as a unit during transient disturbances. Due to the 
fairly heavy network of the Pennsylvania Power & 
Light Company, and the low reactance tie from Sieg- 
fried to Wallenpaupack and Plymouth Meeting, this 
part of the interconnected system also tends to swing 
as a unit under transient conditions. 

Station Equipment. Fig. 3 is a one line diagram of 
the Stanton Station showing the main electrical con- 
nections. The high-voltage bus scheme is employed, 
that is, the generator and transformer are operated 
as a unit, no switching being done on the low-voltage 
side of the transformer bank. The station auxiliaries 
are normally fed from each house generator although 
it is possible to feed them from a transformer connected 
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to the 66-kv. bus on the Scranton Electric side of the 
station. 

The two main generators are each rated 52,630 kv-a. 
(0.92 power factor, three-phase, 60 cycle, 11,000 volts. 
Generator No. 1 normally supplies power to the Scran- 
ton Electric Company, and No. 2 to the Pennsylvania 
Power & Light Company. Power is generated at 11,000 
volts and transmitted at 66,000 volts. The two sys- 
tems are separated at the plant by a 7 per cent bus tie 
reactor connecting the two 66-kv. buses. 

Each turbine shaft also carries a 3,283-kv-a. 0.7 
power factor, three-phase, 60-cycle, 2,300-volt house 
generator, and exciters for the main and house genera- 
tors. The exciter for the main unit is a shunt wound 
machine rated 250 kw. at 250 volts; its voltage is con- 
trolled by a rheostatic type voltage regulator. The 
main step-up transformers are each rated 52,500 kv-a., 
and are solidly grounded on the 66-kv. side. The 66- 
kv. bus arrangement is practically identical on both 
the Pennsylvania Power & Light Company, and the 
Scranton Electric Company’s side of the station. The 
switching scheme consists of a main and reserve bus 
having a circuit breaker selector scheme. 

The 66-kv. reactor connecting the two buses formed 
a part of the ultimate station plan in which it was neces- 
sary to limit the breaker duty by use of reactors. It 
was also felt that in the present initial installation that 
the reactor would limit somewhat the magnitude of 
voltage troubles that might be reflected from one sys- 
tem into the other. 

The relaying for the outgoing lines from this station 
is provided by balanced current or balanced power 
protection where parallel lines are involved, and 
straight over-current protection for single circuit lines. 

The steam turbines are rated 50,000 kw., 1,800 rev. 
per min., 19 stages with initial steam pressure of 600 
Ib. per sq. in., and temperature of 725 degrees. The 
steam is reheated between the 7th and 8th stages to 
725 degrees. 

Steam extractions are provided for feed water heating 
from the 12th and 16th stages; additional extraction 
from the 6th stage is used for operating the air jet for 
the condenser when this pressure is over 100 lb. per 
sq. in., or about 20,000 kw. load on the turbine. The 
reheat system is shown diagrammatically on Fig. 1, and 
consists of a 20-in. diameter line from the 7th stage 
outlet to the reheaters and a 24 in. diameter line from 
the reheaters to the 8th stage admission. The reheater 
is by-passed by shutting the valves in the lines to and 
from the reheater, and opening the by-pass valve 
located at the turbine. 

There is approximately 25 per cent of the total tur- 
bine power generated in the high-pressure section, and 
75 per cent in the low-pressure section. At ful lload 
the reheater and connections contain approximately 
270 lb. of steam, while the turbine flow is approximately 
100 lb. per second. This gives, therefore, a large reser- 
voir of energy for the low-pressure section of the turbine. 
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The turbines are designed for base load, with a single 
control valve connected through a relay system to the 
operating governor. There is also an intercepting 
valve in the reheat steam line at the inlet to the 8th 
stage of the turbine. This intercepting valve as well 
as the control valve and turbine throttle valve are 
under the control of the emergency governor which 
operates about 10 per cent above normal speed. The 
movement of the control valve, intercepting valve, and 
turbine throttle valve in response to the governors is 
accomplished by oil pressure. The control valve 
follows the operating governor movement by means of 
a pilot valve; return motion from the control valve 
recenters the pilot valve, so that the control valve 
takes a definite position for each position of the operat- 
ing governor. The intercepting valve and throttle 
valve, having no return motion, are either open or shut. 
These valves are shut by relieving the oil pressure in 
the valve operating cylinders. 

Test Equipment. In order to obtain simultaneous 
records of all the varying elements during a disturbance, 
it was necessary to use six oscillographs with a total 
of 22 vibrators. One element of each oscillograph was 
used as a timing wave. This wave was interrupted 
every second, so that it was possible to line up all the 
films after the test, and obtain the proper sequence of 
events. Preliminary tests with films five feet long did 
not give sufficient time to obtain a complete record of 
all the disturbances. Films 15 ft. long were ob- 
tained for the remainder of the tests. These were 
run at a speed of about one ft. per sec. 

Two three-phase wattmeter elements were used to 
measure the kilowatt output of the two generators in 
the station. Current and voltage were measured dur- 
ing all tests involving short circuits; voltage from the 
66-kv. buses to ground was obtained during some of 
the tests by means of two photographic, high-speed 
recorders. 

The recording of the mechanical measurements on 
the oscillograph films raised several unique problems. 
Records of the pressure at several points in the hydraulic 
system of the turbine governor equipment, and of the 
steam pressure at the 8th stage of the turbine, were 
obtained by means of pressure recorders which had 
been developed for testing pressure in oil circuit breaker 
tanks during short-circuit tests. These recorders 
consist of a small solenoid coil in a magnetic frame with 
a flexible steel diaphram. The pressure applied to 
this diaphram varies the air gap in the magnetic cir- 
cuit of the coil. A 500-cycle a-c. voltage is impressed 
on the coil, and the resultant current which changes 
with the pressure can be recorded by an oscillograph. 

It was desired to record the movement of the gover- 
nor beam very accurately. Contact resistance devices 
were tried during the first tests, but were unsatisfactory 
due to the force necessary to move the device and the 
space necessary between the contacts. Finally a 
special photoelectric cell position indicating device 
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was designed and used for the latter portion of the tests. 
This device consisted of a small disk with unequal holes 
around its periphery. The light was arranged to shine 
through these holes on a photoelectric cell; the change 
in the resistance of the photoelectric cell was used to 
operate an amplifying tube, the output current of which 
was recorded by the oscillograph. Each time a hole 
in the disk admitted light to the photoelectric cell, a 
deflection of definite magnitude was obtained on the 
oscillograph. This disk was fastened to the governor 
beam by means of a steel wire so that any movement of 
the governor beam would rotate the disk. By means 
of this device it was possible to measure the movement 
of the governor beam to 0.01 in. over its total travel of 
4 in. The movement of the main control valve and 
intercepting valve was recorded satisfactorily by means 
of a contact resistance device. 

To obtain the average speed of a turbine, a small 
synchronous converter was equipped with a large fly- 
wheel and run from the direct current end. The a-c. 
voltage of the converter was compared with one phase 
voltage of the house generator of the turbine by con- 
necting the oscillograph so that it would read the 
vector difference of the two voltages. Before each test 
the converter was adjusted to the same speed as the 
turbine, so that the vector difference of the two voltages 
was about constant. The change in this vector differ- 
ence during the test was used to obtain the speed of the 
turbine. The house generators on the two turbines 
are arranged on the shaft so that they have the same 
phase relation. The relative angular movement of the 
two turbines was recorded by taking the vector differ- 
ence of like phases of the two house generators. 


Appendix B 
CALCULATION OF STABILITY LIMITS AND SHORT-CIRCUIT 
CURRENT 

To study the electrical system stability, the system 
reactances were reduced to an equivalent four machine 
system; the two machines at Stanton were considered 
as generators tied together through the bus tie reactor, 
and equivalent motors represented the Pennsylvania 
Power & Light Company system and the Scranton 
Electric Company system. One- and two-conductor to 
ground faults were considered outside of the generator 
No. 1 high-tension bus as shown in Fig. 20. The 
positive, negative, and zero phase sequence reactances 
viewed from the point of fault together with the inertia 
constants for these machines are also shown in this 
figure. 

Before making the tests at the Stanton Station, calcu- 
lations were made to determine the stability limits of 
the system under short-circuit conditions and the short- 
circuit currents to be expected. For the preliminary 
calculations, the system was considered as a two 
machine problem; that is, the Stanton generator No. 1 
was assumed to supply power to the rest of the system 
represented as an equivalent motor. The results of 
these calculations are shown in curve form in Fig. 4. 
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With a one-conductor-to-ground fault, the stability 
limit was far above the rated kilowatt output of the 
generator, while the stability limit for a two-conductor- 
to-ground fault was approximately 25,000 kw. for a 
switching time of not more than three-quarters of a 
second. 

Due to the low reactance tie between the generators 
in the Stanton Station, there was some doubt if reducing 
the system to a two machine problem could be justified. 
Close checks on these stability limits were made con- 
sidering the Pennsylvania Power and Light Company 
and Scranton Electric Company systems as motors 
being supplied by the two Stanton generators as shown 
in Fig. 20, that is, swing curves were made for a four 
machine problem. 

The real check on these calculations came when short 
circuits consisting of one and two conductors to ground 
were put on the system. As predicted by the calcu- 
lations, the short-circuit tests showed that the system 
was stable with a one-conductor-to-ground fault but 
with a two-conductor-to-ground fault and a load of 
40,000 kw. the system was decidedly unstable; but with 
a load of 25,000 kw. and short switching time, the sys- 
tem was stable. These tests are described in detail 
in the group from Test No. 11 to Test No. 14. 

The short-circuit current calculated and checked by 
the oscillographs during a two-conductor-to-ground 
fault, was approximately 7,000 amperes in the ground 
with a corresponding 5,700 amperes in the faulty phases. 
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CHANGE IN SPEED OF A ROTATING BODY FOR A GIVEN 
ENERGY DIFFERENTIAL* 

The formulas derived below were found to be quite 
useful in calculating a speed change for a given energy 
differential. 

The fundamental equation for rotor motion is given 
by the equation 

d w 

T=M-> (1) 

where the per unit torque (7') is equal to some inertia 

constant (M) multiplied by the time rate of change of 

per-unit speed. The inertia constant (M) may be 

defined as the time required for the rotor to come to 

rest with unit decelerating torque applied at normal 

speed and maintained constant until zero speed is 
reached. 

To evaluate (M), formula (1) is integrated from 
w =1tow = OwithT = — 1. 


eae Sa dpc (2) 
| l 


Thus M is the time to come to rest with unit re- 
tarding torque applied. 


*By Mr. I. H. Summers. 
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The energy differential is given by 


t+At wo+Aw 
WR Sofie Tardt= IM caidviatere (3) 
t (2) 


Where AF is the differential energy divided by the 
base power. This may be written 


Mie 1 
TE lee wdw=y (Aw) + w (A w) (4) 


AE 
The quantity uw may be thought of as the differ- 


ential energy divided by twice the rotor stored energy 
at normal speed. 
The expression for the change in speed is 
Sota ieee oe : 
w= Vw +2 a -— wo (5) 


Several modifications of the formula for A w have been 
found useful. 
Starting from zero speed w = 0 and 


\ AE 
A= 20 


_ (Ba) 
Starting from unity speed 
| AE 
Aw=y1l+2>5,-1 (5b) 


AE 
or starting from unity speed if Mu is small there is ap- 


proximately 
_AE pe yee) : 
A eee ee Noi | |) o\ se) 


To illustrate the use of formula (5c), a numerical 
example is given. The energy differential for one of 
the swings of the rotor during test 34 was 9,230 kw. sec. 
The constants for this machine are, M = 11, base power 


= 50,000 kw., normal speed 1,800 rev. per min. Then 
the speed change is 
9230 9230 
_ | 50,000 Ji 50,000 x 1800 
- af PE 11 
= 30 rev. per min. (6) 
Discussion 


T. E. Purcell: These tests were made with about the same 
objective as those conducted under the writer’s supervision 
several years ago and reported in a paper* presented at the 
winter convention of 1930. It is gratifying to learn that, in 
general, the results of these tests, although conducted under 
different conditions and in a different manner, are almost identi- 
cal with results we obtained. 


*Operating Characteristics of Turbine Governors, by T. E. Purcell and 
A. P. Hayward, A. I. E. E. Trans., April 1930, p. 715. 
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I am greatly surprised to learn from this paper that the 
turbines under test, overspeeded enough to trip the emergency 
governors when loads in excess of 60 per cent of the rated capacity 
were dropped and I am also surprised at the endeavor of the 
authors to point out that the correction of this most undesirable 
performance is a rather complex problem. 


Trouble of this kind, that is machines tripping emergency 
governors due to loss of load, was encountered on the Duquesne 
Light Company’s system, principally at the Colfax Power 
Station, for several years, until in 1925 the writer in cooperation 
with engineers of the Westinghouse Electric and Manufacturing 
Company agreed that this difficulty could be eliminated and 
diligently set about the task. 'The results of this work are 
outlined in a paper entitled ‘Load Dump Tests Made on Colfax 
Turbines” by the writer, which appeared in Puwer in 1929. 


This feature of turbo generators, that is loss of load without 
tripping of emergency governors, is considered so important 
by us that it is one of the acceptance tests we conduct upon all 
new turbines installed. We have conducted tests upon a 
60,000-kw. single-cylinder Westinghouse turbine, recently placed 
in service at our James H. Reed Power Station. The maxi- 
mum load, about 70,000 kw., can be suddenly dropped by 
opening the generator oil circuit breaker without the emergency 
governor tripping. 

KE. E. George: Where it is desired to produce out-of-step 
conditions without too much shock to the system, this can be 
accomplished by lowering the excitation on the plant while build- 
ing up on the kw. output. By juggling the excitation and gover- 
nor opening it is fairly easy to control surging between the plant 
and the rest of the system. The effect of various out-of-step 
conditions on relays is very interesting. 


One point particularly worthy of comment in this paper is 
the possibility of getting machines back in step without taking 
them off of the bus. This saves the time required to resynehro- 
nize the machine which may be excessive if there is trouble on 
the system. 


For several years we have instructed our operators, in case 
of out-of-step conditions, to juggle the field rheostat and governor 
controls and try to get the equipment back in step without 
disconnecting and paralleling. In most cases it has been possible 
to accomplish this successfully. 


Phillip Sporn: This paper forcefully brings out the fact that 
although governors have been in use in connection with the 
operation of steam turbines for many, many years, the real 
action of such governors, particularly their action under times 
other than normal, has not been well understood and certainly 
not understood clearly enough to be able to deduct therefrom 
the amount ultimately contributed by the governor itself toward 
the total disturbance. The tests which were carried out as 
deseribed in this paper show that the governor’s contribution 
to the total disturbance under certain conditions of system fault 
is no negligible portion. 

As is also brought out in the paper, this out-of-step condition 
between generators in the same station or between generators 
and the system, is no uncommon occurrence. It undoubtedly 
happens many times but before anything really serious develops, 
the hunting dies down, the generators pull back into synchronism 
and the entire disturbance is summarized and frequently for- 
gotten under the general heading of “surge on the system.” 
Fig. 1 shows a high-speed chart taken at the Turner substation 
of the Appalachian Electric Power Company during a condition 
of a severe short on a low-voltage bank, approximately 50 miles 
away. It will be noted that this condition is very analogous to 
the condition of instability shown in Fig. 7x of the paper under 
Test 34. In this case the taking off by hand of a turbine unit at 
Cabin Creek, a generating station located approximately 25 
miles from Turner, resulted in the system pulling into 
synchronism. 
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Fig. 2 shows another chart taken at the Turner substation 
during lightning disturbance on the Turner-Cabin Creek line. 
It will be seen in this case that the instability which developed 
at Cabin Creek on unit No. 6, due to a fault condition on the 
Turner-Cabin Creek line, was sufficient to pull the unit out of 
synchronism, with the result that it tripped off the line from 
overspeed. The situation is very similar to case B in Fig. 7. 
Fig. 3 shows a record taken on a Hall recorder at the Glen 
Lyn generating station. The upper record shows ground current 
and the lower three records show line-to-line voltages on the 132- 
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ky. bus. During a lightning storm a double circuit fault occurred 
between Glen Lyn generating station and the Switchback sub- 
station to the west. Both circuits tripped and the station was 
practically unloaded resulting in violent swinging for about three 
seconds and subsequent less severe swinging for another three 
seconds until the generators finally pulled in step and the voltage 
became normal. 

It is obvious that in all these conditions, while the governor 
may not have been a direct contributing cause for the violence 
of the fluctuations, it certainly did not contribute anything 
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definite early enough in the disturbance to materially reduce or 
minimize the disturbance. On the other hand, the governor 
offers a definite point in the system at which to apply restraining 
forees under disturbance conditions. The authors show in 
this paper a development which offers a definite remedial force 
toward the mitigation of some of these disturbances. There is no 
question but that the intelligent application of the watt principle 
in governing as brought about by the authors will be of material 
assistance in the operation of large power systems under dis- 
turbance conditions. 
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It may be interesting in connection with this to tell of some 
of the other remedial measures that have been taken at the 
Stanton Plant to overcome some of the difficulties that have 
been experienced with instability between two generators. The 
first step after the experience with instability was to reduce the 
load on the generating station under disturbance condition to 
about 60,000 kw., which is only 66 per cent of the normal system 
rating. This is a very uneconomical way of bringing about 
stability and could not be maintained for any extensive period. 
The problem was carefully analyzed from every angle and as a 
result the following measures were decided upon: 

1. As a first step, high-speed relays in the form of plunger 
type ground relays were installed on all outgoing circuits and 
set so that they would operate on ground faults for about 80 
per cent of the distance from the generating station to the 
nearest substation. 

2. This station has two 66,000-volt buses, one a main and 
the other a reserve, each with its own circuit breakers. One set 
of these breakers, 7. e., the breakers on one entire bus, is being 
cut over for high-speed operation. It is estimated that this 
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combination of high-speed relays and circuit breakers will clear 
ground faults in a maximum of 10 eyeles, for faults occurring on 
any outgoing line for about 80 per cent of the distance between 
the generating station and nearest substations. 

3. The installation of watt governor mechanisms along the 
lines pointed out in the papers is being studied at the present 
time with a probability that the installation will be proceeded 
with as soon as some of the pertinent details are worked out. 
Subsequent to the installation of the high-speed relays but before 
the breakers were cut over to high speed, a very severe lightning 
storm oceurred during which two faults occurred near the Stanton 
station, one on the Scranton system, and the other a little later, 
on the Pennsylvania Power and Light Company system. During 
this period the generators were carrying 80,000 kw. and no 
trouble of any kind was experienced at the plant. The generators 
rode through the storm in excellent shape although before these 
ehanges were made they had invariably developed instability 
and tripped off the line. 


R. C. Buell: Mr. Purcell expresses surprise “that the tur- 
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bines under test overspeeded enough to trip the emergency 
governors when loads in excess of 60 per cent of rated capacity 
were dropped.” It should be remembered that the turbines at 
Stanton are of the reheat type with the speed governor control- 
ling only the high-pressure steam entering the turbine, no control 
is provided for the steam as it comes from the reheat boiler. 
At full load there is sufficient stored energy in this boiler to cause 
a speed rise in excess of 10 per cent, if full load is dropped. The 
intercepting valve located in the return line from this boiler and 
operated only from the emergency overspeed governor prevents 
excessive rise above 10 per cent. 

Caleulation showed that even with the reheat boiler out of 
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service and the by-pass valve open and reheat valves shut, the 
entrained steam in the lines to the boiler contained sufficient 
steam to overspeed the turbine. 

In the ordinary turbine without reheat the speed governor 
is fast enough to easily prevent tripping the emergency overspeed 
governor at 10 per cent above normal when full load is dropped. 

We believe Mr. Purcell has interpreted our remarks in regard 
to the complexity of the problem of holding the generators in 
synchronism with the rest of the system as applying also to the 
load dropping test. The two problems are entirely different, 
for in one case the turbine speed must not increase more than 1 
or 2 per cent, while in the other a 10 per cent rise is permissible. 


The Ohio Falls Hydroelectric Station at 


Louisville, 


BY R. M. STANLEY! 


Fellow, A. I. E. E. 


Synopsis.—This paper is a description of the Ohio Falls Hydro- 
electric Station at Louisville, Ky. The development is a low-head, 
run-of-river plant and a combined navigation and power dam. 
The dam is a part of the U. S. Government Ohio River canalization 
project. 

Eight units, with a total installed capacity of 105,000 hp. operate 
on a maximum head of 37 ft. and deliver power to the systems of the 
Louisville Gas and Electric Company. 


INTRODUCTION 

HEN in 1923 the U. S. Government, in carrying 

out its plans for the complete canalization of 

the Ohio River, decided to construct a dam at 
Louisville of a height sufficient to give a maximum 
drop of 87 ft. between the upper and lower pools, the 
economic and engineering aspects made feasible the 
construction of a hydroelectric generating station. 

Actual construction was begun in 1925 and the plant 
was turned over to the operating company in the early 
part of 1928. 

SITE 

The Ohio River at Louisville descends about 28 ft. 
in a distance of two miles over a series of rapids. This 
is the only fall of any size in the entire length of the 
river, the general slope of which is very flat. 

This natural fall has always been looked upon as a 
potential power source and was actually used on a 
relatively small scale by a flour mill built by the 
Tarascan Brothers early in the nineteenth century. 
It is interesting to note that these early pioneers in 
water power development chose a site only a few 
hundred feet away from that now used by the hydro- 
electric development. 

Test borings made in the exposed limestone at the 
foot of the rapids indicated that foundation conditions 
there were sufficiently good to support the contemplated 
structure. 

A power house site was chosen on the Kentucky side 
of the river within the limits of the city of Louisville. 
This latter fact was important because it insured a 
ready market for the power to be generated; more 
important still, steam generating capacity in sufficient 
amount to back up the intermittent power available 
from the run-of-river development was already in- 
stalled within a few miles of the site. 

In granting a license to the Louisville Gas and Elec- 
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Several novel electrical features are embodied in the design of this 
plant. Both automatic and supervisory control equipment is em- 
ployed and is housed in closed steel cabinets. 

A miniature switchboard with complete control and supervision 
of each unit on a panel four in. wide is another new idea that is 
used in station control. 


tric Company, the Federal Power Commission in- 
structed that company and the District Office of the 
U. 8. Engineer Corporation to work together on the 
plans for the development. The engineers for the 
company prepared the plans for the power plant, the 
U. S. Engineers worked out the design of the dam, 
and the entire project was built by the construction 
forces of the Byllesby Engineering and Management 
Corporation. 


WATER SUPPLY 


The area drained by the Ohio River above Louisville 
is extensive, amounting to over 91,000 sq. mi. and 
extending well into New York, Pennsylvania, Virginia, 
and Maryland. 

Despite this large area and the generous rainfall 
on the western slopes of the Appalachians, the natural 
flow of the river is unstable, varying from about 792,000 
sec.-ft. at the time of maximum flood to 5,000 sec.-ft. 
or less during summer droughts. Due to a restricted 
river channel for a number of miles below the city, 
this variable flow causes a maximum variation in the 
river stage at Louisville of 65 ft. This results in a 
variable head at the power house that ranges from 37 
ft. at times of low flow to zero at high flow. 


THE DAM 


The dam is a concrete structure with steel gates 
and guides and timber wickets resting upon a rock 
foundation into which was cut a 4 by 3 ft. keyway. 
It extends upstream from the north end of the power 
house, paralleling the river banks approximately 
7,000 ft., thence northward to the Indiana Shore. It 
is the longest and highest dam on the Ohio River, 
the entire length being 8,680 ft., including two 91-ft. 
beartraps, 3,600-ft. boule weir and 860-ft. chanoine pass. 

The movable sections, operated by derrick boats by 
the U. 8S. Engineer Department, have a discharge 
capacity of 350,000 sec.-ft. 

The beartraps are operated by hydraulic pressure 
and have a discharge capacity of 32,000 sec.-ft. Dur- 
ing normal flow conditions, pool regulation is accom- 
plished through maneuvering of boule and pass, leaving 
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the beartraps to be operated during emergency cases 
and high water. 

Fig. 1 shows a map of the river adjacent to Louisville 
with the dam and hydro station. Fig. 2 is an airplane 
view taken from below the hydro station also showing 
the dam and a portion of the city of Louisville in the 
background. 


POWER STATION 


The water-level variation had much to do with the 
design of the station. The entrance is located four feet 
above maximum high water. To save in superstruc- 
ture, the generator-room floor is depressed 16 ft. below 
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and pumps supplying cooling water for the trans- 
formers. At the southern or shore end of the station 
is located a sump with automatic pumps which takes 
care of all leakage from the stuffing boxes on the tur- 
bine shafts and at the expansion joints. 

A standard gage railroad track leads into the shore 
end of the building where there is an unloading plat- 
form served by the house crane. 

Fig. 3 is a view of the station taken from the up- 
stream side showing a 25-ton gantry crane for serving 
the headworks. Headworks for two additional units 
are shown on the right. 

Fig. 4 shows the interior of the generator room. 
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Fic. 1—Mar or Dam AND HYDROELECTRIC STATION SITE 


the entrance level. The water wheels are placed near 
low-water level. 

Each unit passes a flow of about 4,000 cu. ft. per 
sec. so that the total water capacity of the plant is 
32,000 cu. ft. per sec. In order to pass this large 
flow under a comparatively low head and maintain 
the plant efficiency, the water passages were made 
large, the racks for each unit being 40 ft. deep and the 
units being spaced on 58 ft. centers. Between units 
2 and 3 and between 5 and 6 the spacing is increased 
to. 64 ft. where expansion joints are carried through 
the structure. 

Eight units, each having a capacity of 138,500: hp. 
at 37 ft. head are installed and provision is made for 
two additional units at the northern end of the station. 

The generator room is 44 ft. wide and 508 ft. long. 
There are two floor levels below the generator floor. 
The lowest floor contains the tanks for governor oil 
and pumps supplying cooling water to the closed 
generator ventilating system. The intermediate floor 
holds the governor pressure tanks, oil pressure pumps, 


WATER WHEELS 


With a maximum flow of 4,000 sec.-ft. through each 
unit, three intake openings with a total cross-sectional 
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Fig. 2—AIRPLANE View OF DAM AND HyDROELECTRIC STATION 


Headworks for future two units are seen at the left of the station. Penn- 


sylvania R, R. Bridge and sky-line of Louisville in background 


area of 1,400 sq. ft. are necessary in the concrete scroll 
case of each unit. These openings are equipped with 
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trash racks and necessary guides for roller gates and 
stop logs to be used in case of emergency. 

The hydraucone is used, which, due to decreasing 
the velocity of discharge, keeps the loss in energy in 
the tailwater down to a minimum. 

A five-blade propeller type axial flow runner, de- 
signed to produce 13,500 hp. at 87 ft. net effective 


Fie. 3—HypRoELECTRIC STATION FROM UpstREAM SIDE 


Headworks for future two units are seen on the right. Gantry crane 


for serving headworks can be seen 


head at a speed of 100 rev. per min. was selected be- 
cause of its ability to operate under a range of heads 
varying from the maximum of 37 ft. down to 8 ft. 
The runner of cast steel is 15 ft. in diameter and 
weighs 20 tons. It is coupled to the rotor by 61 ft. 
of 23 in. diameter shaft. The combined weight of 
125 tons is suspended from a spring type thrust bear- 


Fic. 4—Gernerator Room 


8-12,550-ky-a. water-wheel-driven generators with surface air coolers. 
Oil circuit breakers, switchboard, and governor for one unit can be seen 


ing. Four guide bearings, three of which are babbit 
and one lignum vitae are used because of the long shaft. 

Electrically-driven fly-ball governors, automatically 
operated, provide positive control to servo motors 
and guide vane latch. The servo motors and latch 
are mounted directly on the cover plate, thus elimi- 
nating strains on the shift ring. 
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GENERAL ELECTRICAL LAYOUT 


The extreme length of the power house was deter- 
mined solely by hydraulic requirements and made 
necessary an unusual arrangement of the generator 
electrical equipment to fit it into the available space. 

The unit type of construction is used as regards the 
generator oil circuit breakers, auxiliaries, and switch- 
board panels. 

The main buses are supported on a steel structure 
along the upstream wall of the station just below the 
windows and are totally enclosed in a sheet steel 
housing. 

Generator oil circuit breakers are located on the 
main floor just below the main buses and as close to 
the machines as possible. Connections between the 
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Fig. 5—Cross-Srction or Station SHow1ine GENERATOR LEAD 
CONNECTIONS 


Main and auxiliary buses are shown on upper left with generator gang 
operated disconnect switches and oil circuit breaker below. Switchboard 
enclosure is in center and generator governor to the right. The unit 75- 
ky-a. auxiliary transformer bank is on floor below with connections made 
solidly to the generator leads 


generators and oil circuit breakers are of flat copper bar 
housed in sheet steel flues. 

The generator switchboard panels are also located on 
the main floor near the generator and governor. 

This grouping of the generator electrical equipment 
in close proximity to the individual units results in 
exceptionally short bus connections between the 
generators and oil circuit breakers and short control 
conduit and cable runs between the generators, switch- 
boards, governors, and oil circuit breakers. 

Fig. 5 is a section through the generator room show- 
ing a generator with associated oil circuit breaker, dis- 
connect switches, switchboard housing, and governor, 
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The main and auxiliary buses are also shown with 
connections to the generator. 

Fig. 6 is a view on the generator floor showing one 
unit with its associated oil circuit breakers for con- 
nection to the main and auxiliary buses, the unit 
switchboard and housing, and the governor. 


GENERATORS 


Generators are of revolving field type, rated at 
12,550 kv-a., 14,000 volts at 100 rev. per min. and 
equipped with direct-connected exciters mounted on 


Fig. 


6—AvtTomatic SwitcHING EQuirpMENT 


Truck mounted oil circuit breakers for connecting unit to main or aux- 
iliary bus are seen with the unit switchboard and governor 


the thrust bearing housing with field current collector 
rings mounted above the exciter. 

The generator stator frame which is of welded steel 
construction, supports the weight of the rotor, thrust 
bearing, upper guide bearing, and the remaining ro- 
tating parts which include the entire length of shaft, 
water-wheel runner and water thrust. 


ARMATURE WINDING 


From the armature winding 12 leads are brought 
out to a terminal board to permit differential protec- 
tion and also for the purpose of changing the operating 
characteristics. For full load operation the windings 
sare. normally connected two-circuit Y but for light 
loads they may be connected one-circuit delta. 

This change of connections is readily accomplished 
by means of gang operated disconnect switches. The 
improved efficiency of the delta connection as compared 
with the Y connection is computed as being 2.1 
per cent at 10 per cent full load to 0.5 per cent at 75 
per cent full load, 0.8 power factor. Above 75 per cent 
full load the Y connection is again used and normal 
efficiencies are obtained. 


VENTILATION 

Generator ventilation in this station is similar 
to that used for many years on steam turbo-generators, 
heated air from the generator armature and field coils 
being forced by fans on the rotating member through 
water coolers located at four points on the periphery 
of the armature frame and at floor level. The air thus 
cooled is driven down through suitable openings in the 
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concrete foundation to a space below the machine, 
formed by the circular foundation and a horizontal steel 
diaphram. This cooled air is then drawn by the 
generator fans up through the machine to be forced out 
again and through the coolers. 

This is the first application of coolers to hydro- 
generators and has proved exceptionally successful and 
valuable in this instance because of the high air tem- 
peratures existing through a large part of the year and 
the smoke and dust in the outside atmosphere. The 
latter is due to railroads and factories surrounding the 
development. 

Leakage of air is made up by the installation in the 
suction side of the system of Reed air filters: which 
remove dust and dirt from entering make-up air. 

The generator armature and field coils are found to 
be practically as clean as when installed and thus the 
efficiency of the units is kept at the original value and 
the life of the installation is preserved. 

Fig. 7 shows a section through the generator and the 
cooling equipment with the direction of air flow indi- 
cated by means of arrows 


OIL CIRCUIT BREAKERS 


The generator oil circuit breakers are truck type, 
motor operated, having an interrupting capacity of 
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Fig. 7—Cross-SecTion or GENERATOR AND AIR COOLING 
SYSTEM 


Arrows indicate the direction of air flow through armature and field 
coils. Filters for supplying make-up air are not shown 


500,000 kv-a. standard duty cycle. One set of dis- 
connect switches on the bus and one on the machine side 
of each oil circuit breaker are operated from a single 
hand operating mechanism located at the breaker. 

Necessary current and potential transformers for 
metering and control are connected in the short bus 
runs between the machine and breakers. 


SWITCHBOARDS 


Manual and automatic control of the generators, 
outgoing lines and station service banks is performed 
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by means of standard panels and control equipment 
located in close proximity to the equipment controlled. 
The switchboards with the associated relays, contactors 
and control switches are mounted in sheet steel housings 
for protection of the equipment. 

Control and meter circuits are brought to the switch- 
boards by means of Greenfield cable through multi- 
circuit train couplers so that the board can be entirely 
isolated and removed. 

Fig. 8 shows the front of a generator switchboard 


Fic. 8—GENERATOR SWITCHBOARD 


Instruments for manual and automatic control of generator unit shown 
on panels enclosed in steel housing. Two pilot lights on top of housing 
indicate to floor attendant that unit is to be started. Rear connections to 
pull-button switch which is operated to start unit are seen on right-hand 
door. These doors are closed and locked normally 


and housing, and Fig. 9 illustrates a rear view of the 
same board. The multi-circuit train couplers are lo- 
cated at the bottom of the board. 


AUXILIARIES— MECHANICAL 


Each unit, designed as a station complete within 
itself, has its individual auxiliaries automatically and 
independently operated. Included in these are bear- 
ing and governor oil systems, oil filtration, air operated 
brakes, cooling water supply to generator coolers and 
thrust bearings and water supply to lignum vitae 
bearings. 

Realizing that auxiliary failures mean jeopardized 
service, certain additional features were included in 
order to insure more dependable operation. A com- 
plete station bearing oil system, automatically operated, 
supplies each generator with the one and one-half 
gallons per minute required for its operation. This oil 
can be distributed to the unit bearings and the overflow 
in the unit system returns to the station filter. 


The governor oil pressure systems are equipped with 
pressure control relay gages, limiting normal operating 
pressure between 150 and 175 lb., designed to shut 
down a unit in the event the oil pressure drops to 1380 
lb. The tanks are connected to headers in groups of 
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three, both on the pressure and storage side, in order to 
insure continuous operation in case of failure of any 
individual unit system. 

A bank of three 4-in. centrifugal cooling water pumps 
supplies the house header and transformer banks. The 
house header which is connected to the city water 
supply, is also connected to all generator cooling units. 

All waste water, leakage and seepage, drains to one 
common sump, from which automatic pumps discharge 
the water into the tailrace, pumping it over the high 
water level. 


AUXILIARIES—E\LECTRICAL 


The scheme of unit auxiliary equipment is also 
carried out as regards electrical equipment in that all of 
of the auxiliaries, with the exception of compressed air 
for the brakes and d-c. control voltage, are fed directly 
from each generating unit. The auxiliaries associated 
with the operation of the individual units are: one 
30-hp. governor oil-pressure pump, one 7.5-hp. genera- 
tor cooling-water pump and one 3%4-hp. governor 
fly-ball motor. These auxiliaries are fed from the 
main generator by a step down transformer bank 
consisting of three 25-kv-a. single-phase 13,800- to 
230-volt transformers. The 138,800-volt side of this 
transformer bank is connected directly to the generator 
leads, no fuses, oil circuit breakers or disconnect 


Fic. 9—REAR OF GENERATOR SWITCHBOARD 


Multi-circuit train couplers through which meter and control circuits 
pass are at the bottom 


switches being used. In starting a unit the governor 
fly ball and oil pressure pump motors are fed from a 
230-volt station auxiliary bus. As the generator comes 
up to speed and 85 per cent of normal voltage is reached 
the governor fly-ball motor is automatically transferred 
to the unit feed. The governor oil-pressure motor is 
transferred from the station feed to the unit feed manu- 
ally. The generator cooling-water pump motor is fed 
direct from the unit transformer bank at all times. 
The generator exciters are direct-connected to the main 
shaft. ; 
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The station auxiliary units used for house and emer- 
gency service for the generating units are as follows: 

Two, 35-hp. battery charging motor-generator sets, 
two 15-hp. sump pumps, emergency 100 hp. sump and 
lignum vitae bearing water supply, three 25-hp. trans- 
former and emergency thrust-bearing cooling-water 
pumps, two 15-hp. ventilating system motors, one 
10-hp. air-compressor motor automatically controlled 
for use on brakes and governors, one 15-hp. air com- 
pressor motor for station purposes, one 3-hp. vacuum 
pump motor, two 34-hp. and one 1-hp. oiling system 
motor, power house crane of 225 total hp. head works 
Gantry crane of 57.5 total hp. 

The motors that are in duplicate are fed from two 
separate 230-volt buses. These two buses are sup- 
plied by a 600-kv-a. 13,800- to 230-volt transformer 
bank which can be energized from any one of three 
separate sources, namely the main or the auxiliary 
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kv-a. respectively, are located on a platform outside 
the building. The 62,500-kv-a. bank is two- -winding, 
stepping from 14,000 to 66,000 volts and supplying a 
75,000-kv-a. transmission line to Waterside Station. 

The 56,250-kv-a. bank is three-winding, stepping 
from 14,000 to 66,000 and 132,000 volts. A 132- kv., 
82-mile transmission line supplies power to Columbia 
Steam Station southwest of Cincinnati. The 66-ky. 
winding connects to the present line to Waterside. 

The 132-kv. winding is supplied with a tap changing 
under load equipment which permits a 10 per cent 
variation of voltage in four 214 per cent steps, up and 
down, to suit load conditions. 

The low-tension connections of these banks are made 
to the main and auxiliary station buses through 3,000- 
ampere gang-operated disconnect switches on the bus 
and transformer sides of cell-mounted, motor-operated 
oil circuit breakers with an interrupting capacity of 
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Fie. 10—One-Lint Diagram oF STATION 


14,000-, 


14-kv. station buses, or an incoming 138-kv. feeder 
from the steam station. The selection of the feed to 
this 600-ky-a. bank is entirely automatic in that should 
a failure occur on the normal source, the source of next 
preference is automatically selected and connected to 
the transformer bank. In case it is necessary to take 
the 600-kv-a. bank out of service the station auxiliary 
motors essential to the operation of the plant can be fed 
from one of the 75-kv-a. transformer banks associated 
with each generator. 

The station lights are normally fed from one 13,800- 
to 230-115-volt transformer energized from the same 
source as the 600-kv-a. power bank. In case of extreme 
emergency the most important lights are automatically 
transferred over to the station battery. 

Fig. 5 shows the location of the unit 75-kv-a. trans- 
former bank and connections to the generator leads. 


TRANSFORMER BANKS 
Two transformer banks of 62,500 kv-a. and 56,250 


66,000- and 132,000-volt buses are shown and also 230-volt unit and station auxiliary buses 


800,000 kv-a. standard duty cycle. This breaker 
equipment together with the low-tension delta bus 
structures and instrument transformers is located 
in an extension of the power station along side the 
transformer platform. 

The 132-kv buses extend over the roof of the sta- 
tion where connections are made to the Cincinnati line. 

The 66-kv. connections from the two banks are car- 
ried overhead to the switch yard adjacent to the station 
where the tie for the Waterside line is completed. 

A one-line diagram of the high and low tension con- 
nections is shown in Fig. 10. 

Fig. 11 shows the 14,000-volt connections to the 
56,250-kv-a. transformer bank. 


14,000-VoLT BUSES AND CONNECTIONS 
Main and auxiliary 14,000-volt buses extend the 
entire length of the station with the generator switch- 
ing equipment located near the individual generators. 
This arrangement eliminates the long generator con- 
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nections that would be necessary if the typical scheme 
of a switch gallery at some remote point in the station, 
had been used. It also results in a corresponding reduc- 
tion in the length of control and instrument conduit 
runs and brings all of the main equipment associated 
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Fig. 11—14,000-Vottr TRANSFORMER CONNECTIONS 
with the control within a very short distance of the unit. 
The two buses are arranged vertically on the out- 
side wall of the station with three-way bus supports 
mounted on an electrically welded steel structure, and 
the whole enclosed by steel plates. Each phase is of 
the box-bus type of construction with over-all dimen- 
sions of 4 by 4% in. of 1% in. copper bar. Taps from 
the buses are of flat bar construction. The total length 
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spectively, and the white lamp indicates that the posi- 
tion of the controlled device does not correspond with 
the position of the control key. 

In addition to the supervisory control keys, the minia- 
ture switchboard contains voltmeters, reactive volt- 
ampere meters, wattmeters, switches for raising and 
lowering load and switches for regulating voltage. 
Insulating potential transformers, 110/110 volts, are 
used in the secondary circuits of the generator and trans- 
former bank instrument potential transformers for 
meters on the supervisory panels and with 10/1-0.5 
ampere transformers in the secondary circuits of the 
current transformers. 

Control and meter circuits are taken from the super- 
visory panels by means of low-voltage telephone wires to 
a terminal box below the generator room floor. From 
this terminal box to an auxiliary terminal box associated 
with the unit switchboards, lead-covered, 16-pair 
telephone cable in rigid conduit is used, there being 
one such cable between the supervisory panels and 
each generator, transformer bank, and station auxiliary 
switchboard. 

Fig. 12 shows the general arrangement of circuits 
between the supervisory panels and the various unit 
switchboards. 

Fig. 13 also shows the same scheme as applied to an 
individual generating unit, the two transformer banks, 
and the station auxiliary transformer bank. 

A front view of the supervisory board is shown in 
Fig. 14, and Fig. 15 shows the associated relay panel 
mounted in the rear. 


GENERATOR CONTROL 


The operation of the control equipment is briefly 
described as follows: 
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Circuits between supervisory panels and generator, station auxiliary, and transformer switchboards 
are shown, also control circuits from these switchboards to the equipment controlled 


of the two buses is approximately 620 ft. with no por- 
tion of the bus or connections taped. 


SUPERVISORY CONTROL 


A miniature switchboard is used to provide cen- 
tralized control of the operations of thestation. This 
supervisory board is centrally located on the generator 
floor between units 4 and 5. The control equipment 
consists of a two-position control key for each circuit 
breaker or other device controlled, with three indi- 
cating lamps for each key. The red and green lamps 
indicate the closed or open position of the breaker re- 


The operator at the supervisory panel selects the 
bus to which the machine is to be synchronized by turn- 
ing the bus selector key. To give the starting indica- 
tion he turns the “Start and Stop” control key to the 
“Start”’ position which notifies the floor attendant to 
stand by for starting the unit. He also selects the type 
of synchronizing to be used, whether automatic or self 
synchronizing. The floor attendant then checks to 
see that the gate limit stop is set for full-speed no-load 
value of head and closes a pull-button control switch on 
the generator cubicle door to give the actual starting 
indication to the unit. If all protective devices are in 
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their normal or reset positions, the governor solenoid 
picks up and opens the pilot valve which allows oil 
pressure to act on the gates to openthem. At the same 
time the water-wheel brakes are released and the 
machine starts. The fly-ball motor of the governor is 
connected to the 60-cycle station auxiliary bus which 
prevents the machine from overspeeding and the 
governor synchronizing motor runs to the maximum 
speed position to allow rapid acceleration of the water 
wheel. 

If automatic synchronizing has been selected, the 
field contactor is closed to apply field to the generator 
when the exciter voltage has built up to about 80 per 
cent and the fly-ball motor is now connected through 
potential transformers to the terminals of the generator. 
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The water-wheel gates are closed, the generator is dis- 
connected from the bus at the “running light’’ position, 
the field is deenergized, and the brakes are applied 
after the water-wheel has reached as low a speed as 
it will obtain without the application of the brakes. 


PROTECTIVE DEVICES 


The automatic equipment will shut down the unit 
in case of a-c. overvoltage, grounded windings, over- 
heated bearings, loss of field, overspeed, or low oil 
pressure. If the shut down is caused by overvoltage 
or grounded windings, the generator is immediately 
disconnected from the bus and the field is killed. If 


the shutdown is due to any other cause the load is first 
reduced before the generator is disconnected. 
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Station auxiliary and transformer connections and control” 


When the machine reaches 98 per cent synchronous 
speed, the speed regulating relay automatically adjusts 
the speed until the generator is synchronized with the 
bus at which time the synchronizing relays operate to 
close the oil circuit breaker to connect the generator to 
the bus. The load is then adjusted by the operator 
at the supervisory panel. 

If self synchronizing has been selected, the machine 
comes up to 98 per cent synchronous speed without 
field current and is closed to the bus selected as an 
induction motor. Seven cycles later the unit is pulled 
into step by the application of generator field current. 


SHUT DOWN 


The unit may be shut down at any time by turning 
the “Start and Stop” key to the “Stop’’ position. 


TRANSFORMER EQUIPMENT CONTROL 

The operator gives the closing indication at the 
supervisory panel to either breaker of either trans- 
former bank by turning the control key to the “Close” 
position. The equipment is designed for either stub 
or multiple feed. The selective control relay and the 
synchronizing devices determine the type of feed and 
give the closing indication to the circuit breaker when 
conditions are correct. This circuit breaker is tripped 
in case of reverse over current. 

The circuit breakers may be controlled manually by 
placing the transfer switch in the “Manual” position. 


STATION SERVICE EQUIPMENT CONTROL 


The station service bus is normally connected 
through a power transformer bank to the main bus. 
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If the voltage on this bus fails, the breaker is opened 
and the station service equipment is connected to the 
auxiliary bus, if energized, or to the emergency bus if 
this bus is energized and the auxiliary bus is not. 
When normal voltage returns to the main bus, the 
station service equipment is disconnected from the 
auxiliary or emergency bus and is connected to the 
main bus. 
SAFETY DEVICES 


The generator and station service oil circuit breakers 
are equipped with mechanical interlocks which pre- 
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Each four in, panel contains complete meter and control equipment for 
supervising the operation of a generator, station auxiliary bank or outgoing 
line. Space is provided for future additions 


vent the truck from being removed or replaced when 
the oil circuit breaker is in a closed position. Inter- 
locks are also provided to prevent the removal or 
replacement of the circuit breaker cell doors when the 
circuit breaker is closed or the truck is in the operating 
position. 

Other safety features incorporated in the automatic 
control of the generators include the following: 

A generator cannot be synchronized with the bus 
or the breaker closed unless the truck is completely 
in its housing. 


A machine will be shut down and locked out in ease , 


of overspeed, excessive a-c. voltage, low governor oil 
pressure, overheated bearing, excitation failure and 
short circuit or ground in the armature windings. 

The generator cannot be reconnected to the bus 
without going through the normal sequence of starting 
in case the generator breaker is opened for any reason. 


HEATING AND VENTILATING 


Both heating and ventilating are taken care of in 
combined units. The major layout consists of two 
complete systems, one at each end of the station de- 
signed to take air from the outside or from the generator 
room for recirculating. In either case air is drawn into 
the fan room through air filters and heating units. 
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It is then forced through ducts to the lower floor from 
which point it rises to the generator room through 
stairways and the other openings and escapes through 
windows and louvers on the roof. None of this air 
passes through the generators as is customary in plants 
of normal design. 

Two types of heating medium are used. In ex- 
tremely cold weather and at times when the plant is 
shut down due to high water, steam is furnished by 
a 125-hp. boiler located in an annex of the power 
station. At other times, electrical heating coils sup- 
plied with off-peak power are used. 

The generator field rheostats are located on the floor 
directly below the generators and advantage is taken 
of their heat losses, this heat being discharged directly 
into the generator room through openings provided in 
the floor. Tnis also affords good ventilation to the 
rheostats in summer. 


OPERATION 


The operation of this station depends entirely on the 
flow of the river. Low water and small volume or the 
rapid and excessive rise of tailwater under flood con- 
ditions results in a curtailment of power output. The 
average yearly complete shutdown due to high water 
is 45 days. As far as possible, a constant pool of 420 
ft. above sea level must be maintained for navigation 
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15—Rear or Supervisory MINIATURE 


purposes. This necessitates operation at highest point 
of efficiency during low water periods, at which time 
the plant operation is the governing factor of the pool 
stage. In case of emergency, for short periods, all 
available equipment can be put into service within two 
minutes. During periods when the flow exceeds the 
discharge capacity of the station, efficiencies are disre- 
garded and pool stages are controlled by manipulation 
of dams and plant operation combined. 


ECONOMICS OF OPERATION 
There has been a considerable saving in both time 
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and labor costs in operating the Ohio Falls Hydro 
Station; this saving resulting from the use of auto- 
matic control equipment. 

Only one switchboard operator is required on a shift. 
To bring a unit in on the line he turns a control key, 
thereafter the automatic equipment functions to start 
auxiliary motors, release brakes, open water gates, 
apply excitation and synchronize the unit on the bus. 
It is estimated that these automatic features have 
effected a yearly savings, equivalent to two operators’ 
salaries. There has also been a saving in the number 
of hydraulic operators needed at this station. Several 
factors account for this saving, simplicity and flexi- 
bility of operation, general arrangement of equipment, 
and the complete use of automatic protective equip- 
ment which in particular has proven to be dependable. 
Where we use three hydraulic men per shift for the 
actual operation of these eight generators, five men 
per shift would have been required without the above 
features. 

The maintenance costs on this station have been 
somewhat lower than were at first expected. It is 
believed that the use of automatic equipment has 
resulted in less maintenance rather than more. Once 
the equipment is properly adjusted, routine tests and 
inspection have been the smallest maintenance item. 
These tests are conducted weekly and require only the 
part time of one maintenance electrician. 


The miniature switchboard will permit further 
economies and may be located in a future adjacent 
steam station in which case one operator can control 
both stations. 


Discussion 


Chester Lichtenberg: The electrical features constituting 
the control of the Ohio Falls Hydroelectric Station represent a 
distinet advance in the art. They utilize well established 
principles. They combine these in a unique fashion, and permit 
not only a lower than usual installation cost, but also permit 
extensions to be made from time to time in the most economical 
fashion. 

The design is unique in that each generating unit is complete 
in itself. The water-wheel, generator, exciter, governor, electrical 
control, and oil cireuit breakers, are individual for each unit. 
There are only 4 points in common. They are as follows: (1) 
forebay, (2) high-voltage buses, (3) supply for auxiliaries (4) cen- 
tralized control. 

Each of these features, will, of course, be recognized as em- 
bodying well established principles. However, an outstanding 
characteristic of the Ohio Falls Station is the fact that it utilizes 
all of these simultaneously and to the utmost. The foresight and 
courage of the designers of this station thus enabled them to not 
only construct it at a cost well within the limits for conventional 
designs, but also permitted them to incorporate in it features 
which are now becoming recognized as essential for successful 
and economical operation. 

Simplicity is characteristic of the design of this station. The 
elimination of almost all of the conduit and its wiring has been 
previously emphasized. One of the basic ideas, however, ad- 
vanced by Mr. Stanley was to have an electrical control unit 
near the machine corresponding to the hydraulic control unit. 
This feature has been accomplished by grouping all of the 
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electrical control features and placing them in a cubicle located 
adjacent to the governor. Consequently, each unit has its 
electrical control concentrated at one point and its hydraulic 
control concentrated at a closely adjacent point. As pointed out 
in Mr. Stanley’s discussion this arrangement while very desirable 
from an installation standpoint did not seem to permit of 
economical operation. Consequently, a centralized supervisory 
control was incorporated. This permitted centralized swper- 
vision and control of all of the units through wires in telephone 
type cables. An immediate result of the decision to use centra- 
lized supervision of this character was to reduce to a minimum 
the number of connections between the centralized supervisory 
point and each of the electrical control cubicles. Instead of a 
large amount of conduit and wiring between each generating 
unit and a central switching point there is only one telephone 
cable between the electrical and governor control of each unit 
and the centralized supervising point. 

Other important features to be emphasized in the unique 
design are that the main power circuits and the main control 
circuits have been shortened to a minimum. 

An evaluation of these features indicates that while the electri- 
eal controlling equipment may have cost more than a conven- 
tional design, yet its installed cost is appreciably less than a 
conventional design due to the tremendous saving in conduit 
and control wiring. Besides, the elimination of the majority of 
this conduit and control wiring has appreciably reduced the 
inspection and maintenance expense. The net result appears to 
be a gratifying profit on the investment together with the 
possibility of very economical extension in the future. 

R. M. Stanley: Making one of the largest automatic hydro- 
electric stations in the world automatic or semi-automatic does 
not entirely solve the operating problem. With the ordinary 
switchboard, control panels, instruments, etc. in a centralized 
control room at one end of the powerhouse or alongside the power 
house the superimposing of automatic control would constitute 
an added cost of considerable magnitude. 

If, however, ways and means can be found to lessen the cost of 
the control equipment or its arrangement then automatic control 
may be justified economically. 

This has been accomplished in our plant by using unit control 
panels and equipment near the units and transformer equipments 
controlled. 

Obviously some centralized control location must exist since 
we cannot station operators in different parts of the plant; neither 
can we arrange for operators to travel from one point to another 
rapidly or efficiently. We substitute, therefore, the miniature 
switchboard and low-voltage multi-conductor lead-covered con- 
trol cable for the large central control board and the usual 
19/22 control cable and iron conduit. 

Part of what we saved in the above manner we expended on 
automatic equipment. 

There is, of course, no particular reason why a non-automatic 
station could not be equipped and controlled by a centralized 
miniature switchboard. 


When we omitted the large centralized control board we saved 
the cost of a control room, skylight and foundation (costly on 
this installation because of the depth to bedrock). Altogether, 
therefore, the installation is not only convenient and safe but is 
justified on an economic basis. 

The designing engineer must be visionary but practical, and 
one of his chief problems is to anticipate the future growth of the 
system, or, if some one else sets up the growth as a basis for a 
particular design problem, he must foresee clearly how to prepare 
for this growth so that at the proper time his design proves 
susceptible of proper expansion, and the future requirements are 
easily and economically taken care of. Quite often a number of 
years elapse before it becomes apparent that the design was 
not quite comprehensive enough and that major alterations are 
required. These changes in plans or layouts are expensive and 
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are economic losses which the industry has to bear, especially if 
rebuilding is necessary. 

The miniature switchboard and unit control scheme readily 
meet this situation. 

Suppose for example at the hydro plant a large switching 
center becomes a necessity. Assume it will be one-third 66 kv.; 
one-third 13.2 kv.; and one-third 132 kv. A designing engineer 
working under the old order of things would plan for certain 
panels—either bench or vertical panels, arranged perhaps in a 
semicircle or a hollow square with an operator’s desk in the 
center. From the panels would be carried many control wires 
and conduits buried in walls and floors or run in trenches, on 
shelves or in large iron pipes or whatnot. 

Back of the panels would perhaps be other panels forming 
another semicircle or hollow square on which would be mounted 
relays, watthour meters, ete. 

The designing engineer must, of course, be prepared with his 
design for flexibility of panel groupings in case the ratio of num- 
ber of panels is different from that assumed. Should there be 
more 132-kyv. lines than were figured on or more 66-kv. lines, ete. 
his design must permit of complete flexibility or extra costs will 
result and costly changes will be required. Furthermore, the 
operators may not find the arrangement to their liking after a 
few years; and, should practises and standards change, the whole 
arrangement may become out of date, or the number and ar- 
rangement of control conduits may be wrong. 

Further than this a great deal of money may be wasted in 
preparation for future equipment—control wire and conduits 
which may never be required or the requirements for which may 
be different. 

Contrast the foregoing with the situation existing in our hydro 
plant. We have spent practically no money in advance for 
future requirements yet how easily such requirements can be 
taken care of. 

If new 66-ky. or 132-kv. or 13.2-kv. or even 4-kv. feeders are 
required, switching equipment can be installed in the yard 
adjacent to the plant; unit switchboards—singly or in groups— 
can be placed near the equipment to be controlled. The 
miniature board can be extended 4 inches at a time perhaps and 
low-voltage, low-current multi-conductor cable installed between 
the miniature board and the unit switchboard. The original 
hydro plant layout need not be disturbed and a minimum of cost 
has resulted. 

The ease and economy with which additions can be made was 
realized during the past spring and summer at which time we 
added a 132-kv. incoming transmission line, a 60,000-kv-a. 
three-winding 132/66/13.2-kv. transformer bank, a 66-kv. high- 
capacity oil cireuit breaker. No changes in the hydro station 
have been required and very little money was expended in 
advance. 

The transformers were located on a platform at one end of the 
plant adjacent to the 13.2 bus and oil circuit breaker rooms. 

The 66-ky. oil circuit breaker is located about 600 feet from 
the plant. 

The transformers have load ratio control on the 132-kv. side 
and there is no 132-kv. breaker. 

The 66-kv. winding is connected to the system through the 
66-kv. breaker. 

The 13.2-ky. winding is connected, to the station generating 
buses through two 13.2-kyv. high capacity switches. 

A unit type switchboard located at the end of the station 
controls the 13.2-kv. oil circuit breakers, and the load ratio 
transformer control on the roof of the 13.2-ky. bus and switch- 
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room is a weather proof electrically heated steel cubicle con- 
taining additional panels necessary to the load ratio control 
equipment operation. Between these is a small number of 
relatively short control conduits and wiring. Between these unit 
switchboard cubicles and the miniature switchboard is the small 
low-voltage low-current multiple lead-covered control cable run 
in one conduit. Similarly at the 66-kv. oil circuit breaker is a 
unit type control switchboard in a similar weatherproof elec- 
trically heated steel cubicle supervised from the miniature 
switchboard through the low-voltage low-current multi-conduc- 
tor lead-covered cable. 

One of the benefits realized in this station is that these exten- 
sions and additions have not required dangerous work around 
operating equipment. The hydro station has not been cluttered 
with construction tools, materials and debris. The operation 
of the station has not been jeopardized by working on control 
wiring and conduits near operating equipment as is customary 
under the old order of things. 

We find, therefore, that after three years of successful opera- 
tion of the original layout and the successful installation and 
operation of the recent additions that the decided departure 
from conventional layouts has been entirely justified. We find 
that the miniature switchboard permits centralized control and 
supervision in a successful manner and that the application to 
this station solved the problem of automatic operation and 
centralized supervision of a considerable amount of apparatus 
in a very satisfactory manner with a minimum of space and cost 
and that the future can be taken care of in a cheaper and better 
manner and without requiring capital expenditures in advance 
of the actual requirements. It is possible that in the future 
there may be required a steam turbo generating station near the 
hydro station. 

This station may contain two or more units. There may be 
two or more step-up transformers. These may step up from 
generator voltage to 66 ky. or 132 ky. or some other voltage. 
We may or may not distribute at generator voltage. The old 
nightmare of the designing engineer does not disturb us. 

We can provide space outside the steam plant for any or all of 
such equipment in any combination which may be required as — 
our system grows and as new apparatus and methods are de- 
veloped. Unit type switchboard control units in steel weather- 
proof cubicles or other later types which may be developed can 
be mounted near the equipment to be controlled and an addi- 
tional miniature switchboard or switchboards can be installed, 
connected together by the low-voltage low-current multi-conduc- 
tor lead-covered cable in one or two iron conduits. And this is 
not all. 

Should we decide that the control of the steam plant and the 
hydro plant should be in one place we can move the miniature 
switchboard and its cubicle from its present location to the steam 
plant. We will not abandon a large amount of control wire and 
conduit; we will merely move a relatively small amount of low- 
voltage low-current multi-conductor lead-covered cable. Thus 
our problem of looking into the future becomes a very simple one 
and we need not attempt to decide far in advance requirements 
for the future which at best can only be guessed at and speculated 
on, especially in situations similar to ours. Therefore, if engi- 
neers and executives will study this method of centralized control 
by miniature switchboards there will surely be found many 
applications where economie advantages may be realized and 
great relief from troublesome system planning may be had, and 
better all around results obtained when actual developments are 
made. 


The Application of Hydrogen Cooling to Turbine 


Generators 
BY M. D. ROSS* 


Associate, A. I. E. E. 


Synopsis.—Hydrogen has many advantages over air when used 
as a cooling medium for rotating machines such as reduction of 
windage losses, increase in available output for a given amount of 
active materials and the absence of corona effects on the insulation 
in high-voltage machines. 

The paper describes a liquid sealing gland developed for use with 
turbine generators to prevent escape of gas along the shafts. Two 
7,500-kv-a., 3,600-rev. per min. generators with hydrogen cooling 


have been built and tested. The second machine with the control 
apparatus is described in detail, and the operating performance 
over a period of 344 months is given. 

With the development of suitable sealing glands and control 
apparatus to the point where reliable operation can be expected 
over long periods, the use of hydrogen cooling for turbine generators 
appears to be desirable at the present time in ratings of 30,000 kw. 
and up. 


INTRODUCTION 


HE development of large turbine generators has 
recently progressed very rapidly, so that the tur- 
bine generator of today is considerably smaller, 

more reliable, and more efficient than the corresponding 
machine of five years ago. The improvement is largely 
due to such factors as better methods of ventilation, 
stronger rotor steels, lower loss armature laminations, 
and improved methods of insulating rotor windings. 
The present indications are that future improvement 
along the lines of present construction will be relatively 
slow. In recent designs for the largest machines at 
any given speed, there are indications that we are 
approaching the limits of possible ratings using the 
present materials and methods of construction, and 
accepted performance characteristics. Any marked 
change in performance or maximum size will probably 
be the result of a radical change in design. 

A great deal of research has, therefore, recently been 
carried out in connection with the ventilation of rotating 
machinery by means of gases other than air. A survey 
of the available gases shows that hydrogen is the most 
suitable gas for this purpose, due to its low density 
(about 7 per cent that of air) and high heat transfer 
characteristics with forced convection. As the windage 
losses vary approximately in proportion to the gas 
density, they can be reduced to a negligible figure with 
hydrogen. This is an important feature in turbine 
generators where the windage losses are relatively high. 
Hydrogen can be obtained readily in large quantities 
and is a relatively low priced gas. Helium, which has 
somewhat poorer properties as a cooling medium and is 
non-explosive, is not available in sufficient quantities 
for this purpose. Its density is about twice that of 
hydrogen so that windage losses in helium would be 
somewhat higher. 


ADVANTAGES OF HYDROGEN AS A COOLING MEDIUM 
The advantages of hydrogen as a cooling medium 
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have been covered by a number of writers.! 
they are as follows: 

1. Windage losses are reduced to about 10 per cent 
of their value in air with a gas mixture containing 97 
per cent of hydrogen by volume. The efficiency of 
large turbine generators would be improved 0.6 to 1 per 
cent at full load, 1.2 to 2 per cent at half load, with 
hydrogen cooling, depending on the size and type of 
ventilation of the machine. 

2. With hydrogen the temperature rise of the gas in 
passing through the machine is lower than with air, 
due to the lower losses to be absorbed. The surface 
temperature differences are considerably reduced with 
hydrogen and the thermal drops, through insulation 
where air pockets are present, are lower than with air. 
For a given amount of active materials the rating of the 
generator with hydrogen cooling would be at least 25 
per cent greater than the rating available with air 
cooling. 

3. Corona has little, if any, effect on insulation in 
an atmosphere of hydrogen. Insulation operating in 
hydrogen should, therefore, have a much longer life 
than in air. The windings would also remain free from 
dirt, a condition which is difficult to obtain in air cooled 
machines, even where recirculation of the cooling air is 
used, as there is always some leakage of air at the shafts 
and around the duct work. 

A, Fires in the generator cannot occur, due to the 
absence of oxygen. No special fire protection appara- 
tus would, therefore, be required with a hydrogen 
cooled generator. 

5. Due to the better heat transfer and the lower 
total losses with hydrogen, the gas coolers would be 
smaller and would require less cooling water as com- 
pared with an air cooled machine. 


APPLICATION OF HYDROGEN COOLING TO SYNCHRONOUS 
CONDENSERS AND TURBINE GENERATORS 

A number of hydrogen cooled synchronous con- 

densers is now in service and this type of machine 

is growing in popularity, as indicated by the number 

now on order. As the synchronous condenser does not 
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have to be mechanically coupled with any other ap- 


paratus, it can be readily enclosed in a gas tight casing 
with provision for cooling the hydrogen gas and re- 
circulating it. The problem so far as hydrogen cooled 
turbine generators are concerned is somewhat different 
as the generator shaft must be brought out through the 
gas tight enclosure, in order to couple it to the turbine. 
It is also desirable to bring the collector end shaft 
outside the enclosure, in order to permit work on the 
field collector ring brushes while the machine is in 
operation. This is an important feature in turbine 
generators which are sometimes run six months or more 
at a time without a shut-down. 


SHAFT SEALS FOR TURBINE GENERATORS 


One of the most important developments in con- 
nection with hydrogen cooling for turbine generators 
has been the design of sealing glands to prevent gas 
leakage around the shafts where they come out of the 
gas tight enclosure. Experimental work was started 
in 1925 to develop aseal. A survey of various methods 
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1—Cross-SectTion OF SEALING GLAND FOR TURBINE 
GENERATORS 


was made and a liquid seal employing oil as the sealing 
medium was adopted. The seal must be fitted to a 
shaft somewhat larger in diameter than the generator 
bearing and an oil seal was best adapted to the rela- 
tively high shaft speeds involved. Moreover, a suitable 
supply of oil under pressure could be obtained from the 
turbine lubrication system. The sealing gland is shown 
in Fig. 1. The main body of the sealing gland consists 
of a casting surrounding the shaft, split on the horizon- 
tal center line. A part of the inner bore of the casting 
is machined to have a clearance around the shaft 
slightly greater than the clearance in the generator 
bearing. Oil under pressure is fed into a groove in the 
center of the seal and flows both ways over the shaft. 
The flow of oil is throttled to a minimum by fitting three 
small brass rings in grooves in the seal casting, which are 
held lightly on the shaft by coil springs. These rings 


ROSS: APPLICATION OF HYDROGEN COOLING TO TURBINE GENERATORS 


Transactions A. I. KE. EB. 


are free to move radially with the shaft. The oil 
film between the shaft and the seal casting is sufficient 
to stop the flow of gas at this point, provided the oil 
pressure is higher than the pressure of the gas in the 
machine. Oil leaving the hydrogen side of the seal is 
collected in a chamber in the seal casting and is returned 
to the main oil supply through a trap, which prevents 
loss of gas through the drain pipe. Due to the rings 
in the seal, only a small quantity of oil passes over the 
shaft and the amount of hydrogen carried out in the oil 
is very small. No special detraining tanks are required 
to separate the hydrogen from the oil before returning 
the oil to the main system. 


The power loss in the seal is relatively small. To 
insure low ring temperatures, some oil is by-passed 
through a passage around the outside of the ring as- 
sembly for cooling purposes. This oil and that dis- 
charged along the shaft is returned to the system along 
with the oil from the generator bearings. 


An experimental sealing gland was built in 1926 
to determine the performance that could be expected 
in seals for large generators. The seal was designed 
to be suitable for a 7,500-kv-a., 3,600-rev. per min. 
generator. Tests showed that the loss of hydrogen 
in the oil was negligible, but that a certain amount 
of air in suspension in the oil entered the enclosure. 
This amounted to about 0.7 cu. ft. per day. Assuming 
two such seals in operation, about 70 cu. ft. of hydrogen 
of 99 per cent purity would be required to maintain the 
percentage of hydrogen in the machine at 97 per cent. 
The cost of this gas would be about 70 cents per day. 
It is not likely that the cost of gas for normal operation 
would be more than two dollars per day with the largest 
turbine generators. This figure does not include the 
cost of carbon dioxide and hydrogen for filling the gen- 
erator after a shut down. 


TURBINE GENERATOR BUILT AND TESTED. IN 1928 


A 7,500-kv-a., 3,600-rev. per min. generator designed 
for hydrogen cooling and incorporating the sealing 
gland described above, was built and tested in 1928. 
While the rating of 7,500 kv-a. was considerably smaller 
than the sizes of machines in which hydrogen cooling 
was considered to be commercially feasible, the machine 
was large enough to allow construction such as would be 
used in large generators. Tests were made with the 
generator running as a synchronous motor, and tem- 
perature tests were made at zero power factor. With 
hydrogen cooling, the generator could be rated at 9,375 
kv-a., 80 per cent power factor, with approximately 
the same temperature rises in stator and rotor as when 
carrying 7,500 kv-a., 80 per cent power factor, with air 
cooling. The frame structure was built along standard 
lines with certain modifications to make it gas tight. 
Tests on this machine indicated that frame structures 
for hydrogen cooling would have to be considerably 
different from the air cooled designs, in order to obtain 
the minimum gas leakage. 


March 1931 


DESCRIPTION OF SECOND TURBINE GENERATOR BUILT 


A second 7,500-kv-a., 3,600-rev. per min. generator 
was built and put on test early in 1980, and is in 
operation at the present time. This machine is 


Fig. 2—7,500-Ky-A., 3,600-Rev. per Min. TurRBINE 


GENERATOR ON TxEst BEDPLATE 


The generator was operated as a synchronous motor during tests 


shown in Fig. 2 and in section in Fig. 3. In line 
with standard practise on 3,600-rev. per min. gen- 
erators, the generator rotor was designed to be 


_the fans mounted on the rotor. 
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a structural steel bedplate at East Pittsburgh for tests. 
When coupled to the turbine in normal service it would 
be mounted directly on the foundation side rails. 
The active parts of the generator are the same as the 
standard air cooled machine parts, and no particular 
effort was made to design the machine to obtain the 
maximum results with hydrogen cooling. 

The finned tube gas coolers of Griscom-Russell Co. 
make are built into the generator frame above the arma- 
ture core. Straight tube coolers were adopted in order 
to simplify the construction and to make the cooler 
sections more accessible for cleaning. Location of the 
coolers above the generator was considered to involve 
no operating hazards, as experience with coolers for a 
large number of machines has never indicated any 
troubles due to leakage or fractured tubes. One end 
of the cooler is bolted solidly to the frame and the 
other end is allowed to move relative to the frame, 
in order to take up expansion of the cooler tubes. 
The joint at the free end is made gas tight with a heavy 
rubber diaphram. The coolers are in two sections, one 
at each end of the frame, each section being divided 
into two parts, each of which can be taken out of service 
and cleaned without disturbing the other parts. 

Double enclosing end-bells, split horizontally at the 
shaft, are provided to carry the gas from the coolers to 
The frame is designed 
for the multiple path radial system of ventilation with a 
single intake chamber at the middle. 

The turbine end gland seal is shown in Fig. 4. Two 
baffle plates are provided in this seal to prevent churn- 
ing of the oil by the heads of the coupling bolts. These 


Fia. 


coupled to the turbine through a flange coupling, thus 
eliminating one generator bearing. The generator 
frame was fabricated from steel plate, with a minimum 
length of bolted joints. The generator was mounted on 


it oy SHAH | | i 
| | 
- | 
ee MT i= 
LK il HINT WT 
{ | | 1 
TTT i] 
——- ! e 
\ +i eat | 


3—Cross-SECTION OF 7,500-Kv-A. GENERATOR SHOWN IN F ia. 2 


plates are not required in the collector end seal. The 
seals are bolted rigidly to the ends of the bearing hous- 
ings, and the sealing rings are located very close to the 
bearing, so that proper alinement can be readily main- 
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tained. Flexible copper diaphrams are provided be- 
tween the gland castings and the end-bells, in order to 
take care of any movement between the pedestal type 
bearing and the end-bells. 

The armature leads are brought out through six 
gas tight condenser bushings located in a flange on the 
bottom of the generator. The field leads are carried 
through holes drilled in the shaft to a point outside the 
bearing where they are connected to the collector rings. 
Insulating stuffing nuts are provided to keep the gas 
from leaking around the field leads. 


DESCRIPTION OF GAS CONTROL SYSTEM 

A special system for controlling the gas in the ma- 
chine was developed. The aim in designing this control 
was to make it as simple and sturdy as possible, so that 
its operation would be readily understood by the 
average station attendant. Provision was made for 
repairing any part of the control mechanism without 
shutting down the generator. 

In filling the generator with hydrogen or in removing 


Fig. Tue Urrpr Har 


4—TuRBINE HND SEALING GLAND. 
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the hydrogen, it is necessary to introduce an inert gas 
in order to avoid an explosive mixture of air and hydro- 
gen. Mixtures between limits of 70 per cent hydrogen 
and 30 per cent air and 10 per cent hydrogen and 90 per 
cent air (by volume) are explosive. The highest explo- 
sion pressure is developed with about 35 per cent hydro- 
gen and 65 per cent air. Carbon dioxide was selected 
as the inert gas, due to its density being 50 per cent 
greater than that of air, so that the percentage of CO, 
gas could be determined by checking the density of the 
mixture. 

Manifolds for hydrogen and CO, are provided at 
some distance from the machine to which standard gas 
bottles can readily be attached. The hydrogen bottle 
pressure is reduced to 15 lb. per sq. in. before being fed 
to the generator. In case of failure of the reducing 
valve, a safety valve keeps the pressure in the line within 
safe limits. 

The control equipment is mounted in a panel bolted 
to the side.of the generator. This construction was 
adopted to simplify the piping between the control ap- 
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paratus and the machine. The layout of the gas piping 
is shown in Fig. 5, and the electrical circuits in con- 
nection with the control in Fig. 6. Both hydrogen and 
CO; supply lines are led to a four-way gas valve on the 
right hand side of the control, as shown in Fig. 7. With 


5—Gas Conrrout CABINET 
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the handle in the “‘off’”’ position, the control circuits are 
disconnected from the three-phase, 110-volt supply, 
and no gas can enter the generator. With the handle 
in the CO, position, CO, gas is admitted and a cam 
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operated switch on the valve shaft energizes the control 
circuit. 

A small motor-driven fan running at constant speed 
draws a small quantity of gas from the generator and 
forces it through an orifice before returning it to the 
machine. The pressure difference between the two 


‘| 2 is, proportional to the density of the 
sing through it. This differential pressure is 
I d on a gage mounted on the front of the panel. 
The gage is equipped with contacts controlling a signal 
which operates when the gas density exceeds a certain 
value or when the fan pressure drops to zero, indicating 
that the motor-driven fan has stopped. The motor- 

driven fans are provided in duplicate, with valves in 


gas lines, so that one fan can be taken out for repair, 


without affecting operation of the generator. 

When sufficient CO, gas has been introduced, as 
indicated by an increase in the differential pressure 
gage reading, the control handle is moved to the posi- 
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tion marked “Hydrosen Manual,” where hydrogen gas 
can be introduced rapidly through a large valve open- 
ing. The differential pressure gage will then show a 
reduction in pressure as the percentage of hydrogen 
‘ in the machine increases. When a satisfactory mixture 
is obtained, the main valve is moved to the automatic 
position where pressure in the machine is automatically 
‘maintained at about 11% to 2 in. of water by means of 
an electrically operated needle valve. An electrically 
operated relief valve allows gas to escape to the atmos- 
_ phere when the pressure in the machine reaches 214 in. 
of water. Both the inlet and relief valves are controlled 
by pressure operated switches. The relief valve oper- 
ates when filling with CO, and hydrogen as well as 
when the hydrogen i is admitted automatically, but the 
inlet valve i is ase cae iat eropked SO pariat it cannot 
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generator is approximately 650 cu. ft. About two 
hour’s time is required in filling the machine with 


hydrogen. 


Relays are provided to sound a horn and light a signal 
light under the following conditions: 

1. Machine pressure too high or too low. 

2. Gas density too high, indicating contamination 
of the gas. 

3. Gas density meter reading zero, indicating that 
the motor driven fan has stopped. 

4. Low pressure in the hydrogen line feeding the 
machine. 

5. Excessive gland seal temperature. 

6. Excessive temperature of the gas in the machine 
in case of failure of the cooling water supply. 


OPERATING EXPERIENCE WITH 7,500-Kv-A. GENERATOR 


The generator has been operated over a period of 3% 
months up to the time of writing this paper. Opera- 
tion has been satisfactory, and no troubles were en- 
countered with the control and sealing gland features. 
The glands, when inspected after three months running, 


showed no evidences of wear, with the tool marks still 


visible on the sealing rings. The glands required no 
special attention during this period and the valves ad- 
mitting oil to them were left open at all times, so that the 
seals were in operation whenever the oil pump was run- 
ning. When the generator was shut down with hydro- 
gen in it, the oil pump was kept in operation, in order 
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80 per cent power-factor load. The cooling water re- 
quired for 9,375 kv-a., 80 per cent power factor with 
hydrogen cooling was approximately 40 gals. per min., 
as compared with 80 gals. per min. with air cooling 
and 7,500 kv-a., 80 per cent power-factor load. 


SAFETY PRECAUTIONS 


The first question usually raised in connection with 
hydrogen cooling is: what will happen in case of an 
explosion? With the worst mixtureof airand hydrogen, 
the explosion pressure will be 50 to 75 Ib. per sq. in., 
depending upon the size and shape of the gas chambers 
in the generator. If the frame is provided with a num- 
ber of diaphrams which will blow out at relatively low 
pressure, the pressures developed will be lower than the 
above values. The operating hazard for a hydrogen 
cooled generator with control system such as that 
described above is probably no greater than that in- 
volved in operating other types of control station equip- 
ment, and it is, therefore, questionable as to whether 
frame structures for hydrogen cooled generators should 
be made explosion proof. No attempt was made to 
make the two 7,500-kv-a. generators described above 
to withstand explosion pressures. However, if an ex- 
plosion-proof frame is considered necessary, it can be 
built with some increase in cost over that of the lighter 
frame designed on the basis of gas tightness only. 


DESIRABILITY OF ADOPTING HYDROGEN COOLING 


With the development of sealing glands and control 
apparatus to the point where their operation can be 
relied upon in continuous service, there is no apparent 
reason why hydrogen cooling should not be adopted for 
large turbine generators. The cost of hydrogen gas 
should not exceed two dollars per day for the largest 
generators, which would be negligible as compared to 
the saving in generator losses. The labor cost for operat- 
ing the generator would be no greater than for an air 
cooled generator, as the turbine floor attendant can 
take care of the gas control equipment. While the 
hydrogen cooled design would be somewhat harder to 
take apart than an air cooled design, the absence of 
dirt and corona effects in the machine would probably 
more than balance that point in estimating the cost of 
maintenance. With built-in gas coolers, as in the hy- 
drogen cooled machine, considerable space under the 
generator would be available for removal of condenser 
tubes and for auxiliary apparatus which is not avail- 
able with air coolers located below the generator. 

The following example will indicate the savings in 
operating expenses with hydrogen cooling, and the 
possible capitalization of these savings. 

Assuming the following factors: 

1. A generator of 100,000 kw. rating at 1,800 rev. 
per min. 

2. Reduction in windage losses with hydrogen 
cooling—600 kw. 

3. Operating time per year—7,000 hr. 

4. Value of power at the bus—0.4 cents per kw. hr. 
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The savings can be evaluated as follows: 
Value of power at bus (4,200,000 kw. 


hy.) 350 VES eee ee ee $ 16,800 
Less cost of gas at $2.00 per day and 
cost of hydrogen and carbon di- 
oxide for 3 fillings after shut-down. 1,100 
Net saving per year with hydrogen 
COOL Ay ata eS $ 15,700 
Capitalization of savings at 15 per 
Cart us) Sa od, Oe ee $105,000 


Preliminary studies of large turbine generators indi- 
cate that hydrogen cooling would be desirable in ratings 
of about 30,000 kw. and up, where the additional cost 
of the gas-tight-enclosure and the control equipment 
would be relatively small in comparison with the cost 
of the generator, and the saving in losses would justify 
the slight additional complication due to this method 
of cooling. 
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Discussion 

S. L. Henderson: With our present knowledge of materials, 
the maximum possible rating of turbine generators in single 
machines is approximately 31,250 kv-a. at 3,600 rev. per min. and 
200,000 kv-a. at 1,800 rev. per min., with air as the cooling 
medium. Cooling with hydrogen, therefore, offers the possibility 
of increasing this upper limit at least 25 per cent. One of the 
difficulties in the application of hydrogen cooling to turbine 
generators has been to obtain a proper seal between the shaft and 
the end-bell, a problem which could be eliminated in the hydrogen 
cooled s;nehronous condenser. The paper shows that the 
leakage can be controlled within commercial limits, and the 
density of the gas can be maintained automatically above an 
explosive mixture. 

There is some question whether it is necessary to build these 
machines explosive proof, and this question is one that can only 
be answered by experience. The arrangement of coolers within 
the confines of the machine should be of interest as the machine 
is complete in itself and does not require the addition of ducts 
or cooler supports. Such a machine lends itself readily to the out- 
door station for being gas proof, it must of necessity be weather 
proof. 
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